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Current advances in the manufacture of nanoporous and nanofibrous materials with 
high absorption capacity open up new opportunities for the development of fiber-based 
probes and sensors. Pore structure of these materials can be designed to provide high 
suction pressure and fast wicking. In this work it is shown that, during wicking, due to a 
strong capillary action, the liquids exert stresses on the fiber network (elasto-capillary 
effect), thus the stressed state of dry and wet parts of the material differs. This stress 
difference caused by the liquid wicking can induce different types of deformations: 
visible deformations of the sample profile and deformations of the yarn length caused by 
the capillary forces.  
In this work, it is suggested that the elasto-capillary effect can be used for monitoring 
the liquid flow during probing of minuscule droplets. In the theoretical section, a stress 
transfer in the direction of propagation of the wetting front is analyzed. As an illustration, 
a single capillary is considered and the effect of a moving meniscus on the stress 
distribution along capillary wall is demonstrated. Then similar effects are analyzed in 
yarns and fabrics.  
A yarn that can capture an aerosol droplet is considered as a promising sensing 
element that could monitor the stresses caused by wetting fronts. It is shown that the 
stress transfer between dry and wet parts of the yarn upon liquid wicking significantly 
depends on the boundary conditions. Two different loading scenarios are discussed: a 
yarn with the clamped ends and with the freeends subjected to a constant tension. A 
theory of elasto-capillarity is first developed for the samples, where the gravity is not 
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important and then it is extended further to include gravity. The upward and downward 
wicking, as well as liquid wicking into the freely suspended samples are considered. It is 
shown that the sample geometry significantly affects both wicking kinetics and stresses 
distribution in the material. An example of a freely suspended material is considered in 
details. It illustrates an unusual coupling between mechanical and capillary forces. New 
theory of the flow induced stresses in the freely sagged self-reconfigurable material is 
suggested. 
In Experimental section, the concept of elasto-capillarity is tested in tensile 
experiments conducted on yarns and fabrics. It is shown that in the wet samples the 
breaking stress increases. This effect is most prominent in materials with the pore size 
less than 100 μm, which provide high capillary pressure. It is also shown, that the 
proposed experiment with freely-suspended sample can be used for the analysis of 
transport and tensile properties of thin flexible fibrous materials. The suggested theory of 
the 2-D flow induced deformations of self-adjustable freely-suspended material is in a 
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In this chapter the basic concepts which are used through the thesis are introduced.  
1.1 Surface tension 
From the microscopic point of view the transition layer between two materials can be 
considered as an infinitely thin membrane under tension (Lautrup, 2011). This tension is 
constant along the fluid-fluid interface and it is called the surface tension. The surface 
tension tends to decrease the area of the interface and its value depends on the nature of 
the interacting materials. When the interface is curved, so does the membrane, any 
elementary block containing the interface will result in a free body diagram where the 
normal components of the surface tension are not balanced (Figure 1). This misbalance 
leads to a pressure jump    across the interface.  
Using simple arguments, one can easily estimate the pressure jump across the 
interface for important examples: a spherical droplet and a liquid cylinder. In both cases, 
the liquid volume is considered to be under excess pressure    relatively to the reference 
atmospheric pressure. The force acting per unit length of the membrane equals to the 
surface tension  . The balance of forces acting on the cross-section of the semi-sphere 
reads              (see Figure 1a), where   is the radius of the sphere. In the case 
of a semi- cylinder, the force balance is expressed as               (see Figure 
1b), where    is a length of the cylinder and   is its radius. Therefore the excess pressure, 
which is also called the Laplace or capillary pressure for a spherical drop equals to: 
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          eq. 1. 1 
and for a liquid cylinder 
        eq. 1. 2 
The eq. 1. 1 can be used to describe a pressure drop, for example, across the interface 
of a liquid meniscus in capillary tubes. In most general case, the pressure discontinuity 
across any curved surface with two principal radii of curvature    and    (see Figure 1c) 
can be found as(Lautrup, 2011): 






) eq. 1. 3 
 
 
This is so called the Laplace law (Gennes, Brochard-Wyart, & Quéré, 2004).  
 
Figure 1.(a) Force balance on a sphere cross-section. (b)force balance on a cross-section 
of a cylinder. (c) Pressure jump across the curved surface. ΔP is the Laplace pressure, ̅is 
a normal to the surface, P1, P2 are pressure values above and below the curved surface. 
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1.2 Wetting and Young  equation 
According to the IUPAC definition, wetting is a process by which an interface 
between a solid and a gas is replaced by an interface between the same solid and a liquid. 
Weather a liquid spreads over a given surface or not, depends on the values of the surface 
tensions at liquid/solid, solid/gas and liquid/gas interfaces. In the cases when a liquid 
drop assumes a shape of a spherical cap on the solid surface (Figure 2a), the balance of 
the surface tensions at the liquid contact line reads 
               eq. 1. 4 
where   are surface tensions of solid/gas, solid/liquid and liquid/gas interfaces 
respectively and   is a contact angle of the liquid in the equilibrium with solid substrate 
(see Table 1 for  examples (Schick, 1977)). eq. 1. 4 is called Young’s relation between 
surface tensions of three phases (Lautrup, 2011; Wang, 2000). 
Table 1.Surface tensions of different liquids and contact angles they make with 
different substrates (Schick, 1977). 
Liquid, Ethanol, Toluene, Ethylene Glycol, Water, 



























When the contact angle which liquid makes with a surface is smaller than      the 
liquid is called “mostly wetting” or just “wetting” (Figure 2b) and when the contact 
angle is greater than     , the liquid is called “mostly non-wetting” of just non-wetting 
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(Figure 2c). The wetting liquid readily spreads over flat surfaces, invades capillary tubes 
and porous materials.  
 
Figure 2.(a) Force balance on the drop contact line. Contact angles of the liquid with 
surfaces: (b) mostly wetting case, (c) mostly non-wetting case. 
1.3 Capillarity 
When a tube of a small radius is brought in contact with a liquid, the liquid 
spontaneously invades the tube and rises up until it reaches some certain height (Figure 
3). In circular tubes, the liquid meniscus has a spherical shape, thus, according to the 
Laplace law, the pressure under meniscus    is expressed as: 
           eq. 1. 5 
where    is the atmospheric pressure above the meniscus,   is the radius of curvature of 
the meniscus. The pressure at the capillary entrance   is also equal to atmospheric 
pressure  . When the liquid reaches the maximum equilibrium height   , according to 
hydrostatics, the pressure under meniscus equals to: 
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            eq. 1. 6 
Substituting eq. 1. 5  into eq. 1. 6, one founds the equilibrium height, Jurin’s height, 
of the liquid column in a capillary 
      (    )  or            (    ) eq. 1. 7 
where   is the radius of capillary (Figure 3b). The lower is the contact angle, the higher 
is the liquid column. The Jurin height is large for capillaries of small diameter. Water 
rising in a capillary of 1 μm in diameter reaches almost 15 meters. In case of non-wetting 
liquids the liquid level in a capillary tube is below the liquid surface.  
 
Figure 3.(a)Concept of Jurin height: the height of the liquid column is inversely 
proportional to the capillary radius. (b) A geometrical construction helping to relate the 
contact angle θ with the capillary radius R. 
Comparing the hydrostatic (      ) and Laplace (     ) pressures, one arrives at a 
characteristic length scale    √     .  This length scale   is called the capillary 
length. The capillary length for water is approximately equal to 3 mm. This characteristic 
scale sets a criterion for distinguishing the gravity driven deformations of the interface 
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from the capillarity driven deformations. For example, the meniscus sitting in a vertically 
placed tube will be affected by gravity if the tube radius is greater than the capillary 
length R >  . Otherwise, the capillary pressure prevails over the hydrostatic pressure and 
the meniscus takes on almost spherical shape. 
The interactions of liquids and solids may lead to the deformations of the last due to 
the capillary pressure. Bico and Roman (Roman & Bico, 2010) suggested, that there is an 
elasto-capillary length, which sets the length scales for deformations of solids upon 
interaction with liquids due to the surface forces. The elasto-capillary length is calculated 
along the same line as that of a capillary length: we need to replace the hydrostatic 
pressure with the elastic modulus of the material which is its characteristic elastic stress. 
For example, the droplet sitting on the solid causes the displacements of the supporting 
surface of the order of   , where   is the Young modulus of the substrate. It was shown 
that a water droplet applied to a rubber surfaces with Young modulus of the order of 
hundreds of kilopascals  causes formation of micro sized rims (Carre, Gastel, & 
Shanahan, 1996; Ramon Pericet-Camara et al., 2009; R. Pericet-Camara, Best, Butt, & 
Bonaccurso, 2008).  
1.4 Elasto-capillary effect 
The first discussion on the coupling between stresses in the porous media and the 
liquid pressure in its pores dates back to Terzaghi (Detournay, 1994; Wang, 2000), who 
described the influence of the liquid in the porous rocks on their quazi-static 
deformations. In principle, the Terzaghi’s theory initially introduced in geomechanics can 
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be used for textile materials. In the elasto-capillary effect, the menisci trapped in the 
pores of a fibrous material, exert a capillary pressure on the fibers, resulting in the fiber 
bending and displacement (Bico, Roman, Moulin, & Boudaoud, 2004; Gopinath & 
Mahadevan, 2011; Roman & Bico, 2010). 
In order to appreciate the strength of the capillary forces, in Figure 4a are shown the 
results of experiments on drop spreading over a channel composed of two freely 
suspended tungsten wires. The 70 m diameter wires of 7.4 cm length were stretched 
straight and firmly clamped to two solid bars. In order to separate the wires and preserve 
the interwire spacing, two 1.5 mm diameter pins were placed between the wire ends. A 
Galwick drop (PMI Inc, Ithaca, NY) with surface tension =15.6 mN/m was placed at the 
center of the wire rails. As the drop spread and filled the interwire gap, we observed the 
gap contraction. The visible deformation of the stretched wires suggests that the capillary 
pressure Pc created by the menisci, forces the fibers to snap off the gap between them. 
The optical distortion of the wires due to the drop curvature is insignificant. As clearly 
seen from experiments on hair strands (Bico, et al., 2004) and wire rails, the internal 
tension on the fibers is significant. Figure 4b represents a mechanical model of this 
elasto-capillary effect, in which the springs modeling the capillary forces, push the wires 




Figure 4. (a) Droplet of Galwick absorbed by the fiber rails composed of two tungsten 
wires. Observe the contraction of interwire gap when the drop transforms into a liquid 
bridge with concave menisci. The thickness of interwire space at the first moment is 128 
µm which then changes to 67 µm after drop spreading. (b) Mechanical model of the 
elasto-capillary effect. 
Elasto-capillary effects are observed in everyday life, for example, it causes the 
coalescence of wet hair (Bico, et al., 2004). In nature, the elasto-capillary effect triggers 
the release of spores, where the sporangium opening in ferns is driven by the capillary-
induced deformations of the annulus (Borno, Steinmeyer, & Maharbiz, 2006). The elasto-
capillary effect has been employed to form complex patterns on the surfaces with slender 
pillars (Pokroy, Kang, Mahadevan, & Aizenberg, 2009), (Chandra & Yang, 2010), to 
make 3-D self-assembled structures (Pineirua, Bico, & Roman, 2010), liquid 
lenses(Roman & Bico, 2010), to support passive pipetting (Reis, Hure, Jung, Bush, & 
Clanet, 2010) and in many other applications.  The deformations caused by the elasto-
capillary effect are significant, but can be avoided with some special care (Hill, Haller, 
Gelfand, & Ziegler, 2010).The effect is especially important at the nanoscale, where the 
capillary forces affect the performance of functional materials and devices (Weissmuller, 
Duan, & Farkas, 2010). An extreme example that illustrates the elasto-capillary effect can 
be observed in the cracking of aerogels upon drying. Liquid evaporation is viewed as 
causing formation of menisci within pores, which results in an additional capillary 
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stresses that in turn lead to cracking (Phalippou, Scherer, Woignier, Bourret, & Sempere, 
1995). Another example is the capillary condensation of gases within mesoporous 
materials: the menisci cause contraction of the material under a capillary pressure that 
can reach several MPa (Chernyak & Leonov, 1986; Herman, Day, & Beamish, 2006; 
Reichenauer & Scherer, 2001; Rossi, Gogotsi, & Kornev, 2009; Scherer, Smith, & Stein, 
1995).  Rossi and co-workers (Rossi, et al., 2009)showed that, the capillary condensation 
of water vapor in thin-walled carbon nanotubes leads to their shrinkage and buckling, as a 
result of the capillary pressure difference between liquid and vapor. 
Densely packed fabrics are difficult to deform in plane: each fiber is held in place at 
the crossing points where the fiber is subject to extremely strong friction (Hearle, 
Grosberg, & Backer, 1969). When such samples are kept straight and absorb liquid, the 
tensions in the fibrous network cannot be visualized. However the stressed state of the 
material changes upon liquid wicking. When the variation in tension acting on the fibers 
in fibrous constructs are high enough to be detectable in wicking experiments, they might 
be used as fingerprints of a moving liquid in the sensor applications: to indicate the 
presence of moisture in an environment or to track the loading process of a fibrous probe. 
1.5 Porosity 




      
      
 
eq. 1. 8 
Material pores that are connected to the material surface are classified as open pores. 
Closed pores are isolated from the outside. In the applications related to the liquid 
transport only open pores are under interest. Open pores, which are randomly distributed 
and uniform in size, can be viewed as capillary tubes, and the porous material as a bundle 
of capillaries. Textile materials, namely nonwoven fabrics and yarns, comply with the 
listed requirements. In textile material, three main components of the material porosity 
are: 1) intrafiber porosity (formed by voids within the fibers); 2) interfiber porosity 
(formed by voids between fibers in the yams), and 3) interyarn porosity, (formed by voids 
between yams). All pores are open pores and the yarn/fabric can be considered as a 
bundle of capillary tubes with different effective diameters. Porosity of the textile 
materials can be found using a ratio of the fabric density    to the fiber density   (Hsieh, 
1995): 




eq. 1. 9 
1.6 Hagen-Poiseuille equation 
When the liquid flow through a capillary tube is laminar and unidirectional it can be 
viewed as a motion of a set of co-axial cylinders with radii   ranging from     at the 
center of the tube to     on its walls. Each cylinder moves with its own speed   which 
depends on its radius  . In the absence of gravity and when the flow is sufficiently slow, 
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so the inertia does not play a significant role the force balance, acting on such elementary 
cylinder with wall thickness    and length     (see Figure 5) reads: 
    
  
  
            
eq. 1. 10 
where the first term is a friction force and the second is a flow driving force due to the 
pressure gradient in the liquid         ,   is the  flow velocity,   is a coordinate along 
the flow and   is a coordinate across the capillary.  
 
Figure 5.Schematic of liquid flow in a capillary tube. 
The liquid does not slip on the walls meaning that the flow velocity there is zero, 
 ( )   . Then velocity of the liquid at any distance   can be obtained from the 
integration ofeq. 1. 10, which gives: 
 ( )   (     )    eq. 1. 11 
The flow discharge   then can be expressed as an integral sum of the discharges 






   
    
  
       
eq. 1. 12 
This is well known Hagen-Poiseuille equation for the laminar flows in tubes 
(Adamson & Gast, 1997). In case of incompressible liquids the flow discharge is constant 
along the tube and        . From eq. 1. 12it follows that the pressure in the liquid is a 
linear function of the front position along the capillary,        . Let’s assume that at 
the capillary entrance,   , the pressure in the liquid equals to    and at the moving 
front    ( ) to   , then the constants   and   can be determined and: 
   
     
 ( )
     
eq. 1. 13 
The flow discharge through a tube with cylindrical cross-section can be expressed as 
        ( )    and from eq. 1. 13 it follows that 





     
 ( )
 
eq. 1. 14 
If the flow is driven by capillary pressure        and the pressure at the capillary 
entrance    is set as a reference, the integration of eq. 1. 14 gives that the front 
propagation obeys the square root of time kinetics suggested by Lucas (Lucas, 1918) and 
Washburn (Washburn, 1921): 
 ( )  √
      
  
  
eq. 1. 15 
13 
 
In his work (Washburn, 1921), Washburn suggested  that the liquid flow through 
porous media, can be viewed as a flow through a bundle of capillary tubes with some 
effective radius   , representing its pores. 
Further, following the common convention the notation   for the coordinate along the 
capillary will be substituted with   for horizontally placed samples and with   for 
vertically placed samples. 
1.7 Darcy’s law 
The description of the fluid flow through a porous media usually relies on Darcy’s 
law, which states, that the flow rate   through a porous media is proportional to the 
pressure gradient        driving the flow and inversely proportional to the dynamic 
viscosity of the liquid   (Gebart, 1992): 
Darcy’s law is an empirical model, based on experimental observations, and all 
interactions between media pores and invading liquid are enclosed in coefficient  , which 
is called permeability. In textile materials permeability is proportional to the size of the 
fibers comprising the material matrix,      (Lundstrom & Gebart, 1995). In complex 
cases, when the media is anisotropic, the Darcy law is written in a vector form and   is a 
second-order tensor (Jiang & Sousa, 2008). The pressure gradient is often thought as a 
pressure gradient in a bundle of capillary tubes, representing material pores. 
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II. PROBES WITH TRAPPED DROPLETS: STATICS 
Because of the recent progress in preparation of fibers and nanofibers with different 
properties, the idea of smart textiles has attracted much attention(Van Langenhove, 
2007). Imagine materials that contact our body on a day-to-day basis, such as napkins and 
handkerchiefs that can analyze nasal conditions, chewing gum or floss that monitor 
dental conditions, toilet paper that can detect occult blood, or a fabric that can analyze 
sweat.  The development of this type of novel family of fiber-based materials requires 
understanding of the possible mechanisms for detection of a given liquid when it invades 
the pores of the fibrous material. In many applications, when dealing with a minute 
amount of liquid, fiber-based colorimetric biosensors seem to be the most popular 
(Cunningham, 2001; Gribnau, Leuvering, & Vanhell, 1986; Leuvering, Thal, White, & 
Schuurs, 1983; Reukov, Vertegel, Burtovyy, Kornev, & Luzinov, 2009). However, in 
other situations, when the probe and sensor are hidden in an internal part of the material, 
making the color change impossible to detect, another mechanism of liquid detection is 
needed.  
This work suggests that the elasto-capillary effect can serve as a liquid detection 
mechanism for sensor applications in textile materials. Analysis of the stress distribution 
and transfer through the fibrous network in the presence of the liquid is provided.   
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2.1 Effective stresses on the walls of the capillary tube 
Before proceeding to an analysis of the stress distribution in fibrous materials, the 
important example of a single capillary should be discussed. Assume that a single drop is 
trapped at the tip of the capillary (Figure 6a). According to the Laplace law of 
capillarity, this drop should exert a stress on the capillary walls (Adamson & Gast, 1997). 
Indeed, when a drop is trapped in the capillary of radius R, the pressure in the drop   is 
different from the atmospheric pressure Pa; this difference is the Laplacian capillary 
pressure   ,                  . The Laplacian pressure depends on the liquid 
surface tension   and the contact angle   made by the drop with the capillary walls. 
Depending on the contact angle, the load on capillary walls can be either pointing toward 
the exterior, which would tend to inflate the capillary, or it can point toward the interior 
and tend to shrink the capillary walls. Since the capillary pressure is inversely 
proportional to the capillary radius R, a thinner capillary will be associated with a greater 
pressure. In small capillaries, such as carbon nanotubes, this pressure can become 
sufficiently high to deform the walls (Rossi, Gogotsi, & Kornev, 2009).  
In densely packed fibrous materials the radial deformations are not significant, that is 
why it is useful to analyze deformations in longitudinal direction. The average stress σ 
acting through the capillary cross section is given as       , where   is the force 





Figure 6. (a) Capillary with a trapped drop when a tensile force F is applied to its 
end.Schematic of distribution of axial stresses in capillary walls with trapped drop of (b) 
non-wetting and(c) wetting liquid. The arrow shows the stress jump Δ. 
Porosity         is introduced as the ratio of the cross-sectional area of the hole    to 
the total cross-sectional area   . The cross-sectional area of the walls is then equal to 
    (    )  . For thin-walled capillaries with the bore radius   and the wall 
thickness      , the porosity is calculated as             . The stress that acts in the 
cross-section of the capillary walls in the longitudinal direction is denoted as   . This 
stress   also includes the interfacial tension of the solid/fluid interface. In each cross 
section, the pressure    acts to compress the liquid and, according to the material science 






Figure 7.(a) Stress distribution in the cross-section of the filled capillary. (b) Stress 
distribution on the capillary wall element in cylindrical coordinates. 
The atmospheric pressure is chosen as a reference; hence, the pressure in the liquid 
and the stresses in the walls are measured with respect to  , e.g., the pressure   is equal 
to zero if it is atmospheric. With these definitions, we can write the force balance for each 
cross-section filled with the liquid (Figure 7a) as: 
      
 (   )         eq. 2. 1 
and for the empty part of the capillary as: 
      
 (   )   eq. 2. 2 
where the superscript plus “+” corresponds to the wet part and the superscript minus “-“ 
corresponds to the dry part of the capillary.  
Therefore, if a meniscus is present in the capillary, the stress   on the walls does not 
stay constant, but changes along the capillary (Figure 6b,c).  
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For example, if the probe is suspended in the atmosphere, i.e., 0 , the stress in 
the wet part of the wall is not zero, but instead is equal to )1/(   cPT . The 
magnitude of this stress will depend on the nature of the liquid. For non-wetting liquids, 
the capillary pressure is negative, Pc< 0, giving rise to tensile stress in the walls (Figure 
6b). Hence the tip has a tendency to extend in the longitudinal direction. For wetting 
liquids, the capillary pressure is positive, Pc>0, giving rise to compressive stress in the 
walls (Figure 6c). Hence, the tip has a tendency to shrink. Because of the continuity 
condition   )1( 
T , this stress cannot be transferred to the empty part of the 
capillary, i.e., the stress is zero, 0T , in the dry part of the capillary.   
If the probe is pressed against a substrate with force  , creating the average stress 
    ⁄ , the stress on the walls can be found from eq. 2. 1as      (   )     . On 
the other hand, the continuity conditiongives           (   ). Therefore, the 
stress on the capillary walls jumps at the contact line as        . This jump is equal 
to:  
     (   )⁄  eq. 2. 3 
For thin-walled capillaries with porosity taken as            ⁄ , this stress jump 
is            ⁄ , where   is a capillary radius,       is the wall’s thickness. 
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2.2 Elastic deformations 
Typically, when a probe is pressed against a cell or some other substrate, the pressing 
force   can be kept constant, and the position of the empty end can be traced 
independently. Because the stress on the empty part of the probe does not change after 
the drop is trapped, the deformations of the empty part also do not change. At the contact 
line when the meniscus meets the walls of the probe, the wall stress jumps as      
  , and hence the strains also jump. Following Hooke’s law, as written for tubes with 
thin walls that have insignificant radial deformations, we have    (        
 )  ⁄⁄  
for the longitudinal strain, where    is the change in the probe length   after the drop is 
trapped,  is the Poisson ratio,   is the Young’s modulus,        (       ⁄ ) is the 
change of longitudinal stress in the tube of the radius   comparing to its dry state, and 
   
  is the hoop stress (Figure 7 a, b) (Flugge, 1973). 
The hoop stress is obtained from the free body diagram by making an imaginary cut 
through the tube axis:    
       . Therefore, the change in the probe length after drop 
trapping is      (    ⁄ )(      )       ⁄ . Hence, the probe shrinks in the case of 
wetting liquid or it elongates in the case of nonwetting liquid.  Taking multiwalled 
nanotubes as potential candidates for nanoprobes (Freedman et al., 2007; Murday, Siegel, 
Stein, & Wright, 2009;Schrlau & Bau, 2009) , one can estimate the wall thickness and 
Young’s modulus as         nm,     GPa. Assuming that the liquid in question is an 
aqueous solution      N/m, one can then estimate the prefactor as         ⁄     . 
Hence, if the parameter (   ) 0.1 (which is a reasonable estimate for multiwalled 
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nanotubes), one can easily obtain one percent deformations, which are detectable by 
currently existing instruments. 
2.3 Stress distribution in yarns 
The reviewed case of the capillary tube is a simple model that sets a physical basis for 
a large number of more complicated experiments on liquid wicking in threads and yarns, 
as well as in woven and non-woven fabrics. The interfiber space in these materials 
creates capillary channels and each of these channels bearing a liquid contributes to the 
stress redistribution on the materials matrix. The conclusions obtained for a single 
capillary tube appear to be also applicable for these materials.  
If the yarn is stretched with a force  , the load will be shared between all fibers 
comprising the yarn or   ∑      , where   is the tension experienced by a single fiber 
and    is its cross-sectional area, all the forces acting on each i-th fiber should be 
summed up. Assuming that all fibers have the same size and that the tensions acting on 
them are the same, the force balance gives    ∑      or     (   )  , where    
is the total area of the bundle cross-section and   is the yarn porosity. The porosity   is 
introduced as the volume of pores divided by the total yarn volume. Modeling the yarn as 
a bundle of parallel cylinders (Figure 8a), this porosity will be identical to that defined in 
previous section: it is the ratio of the cross-sectional areas of the interfiber channels to the 
cross-sectional area of the yarn. The amount of surface pores and bulk pores and their 




Figure 8. (a) Yarn can be modeled as a bundle of capillary tubes. (b) Stresses in the 
semisaturated yarn. 
With this definition of porosity, the results from Section 2.1 can be applied for the 
description of stresses. In particular, one can describe the stresses acting on single fibers 
in the yarn due to trapped droplets. Using the notations introduced earlier, the stresses 
experienced by individual fibers in the wet part of the yarn are denoted as     and in the 
dry part as   . The relation of    and    , which follows from continuity equation on 
stresses then reads: 
      
 
   
    eq. 2. 4 
In case of a yarn, the capillary pressure    is an average capillary pressure created by 
menisci in the pores. The stress jump            (   )⁄  on fibers at the 
wetting front strongly depends on the size of capillary channels and yarn porosity. Table 
2 illustrates the dependence of the stress jump   in different fibrous constructs. 














Table 2. Numerical values of stress jump   in different fibrous materials with 
  0.5 
Sample Liquid Pore radius,μm Stress jump, MPa 
Cords/ Ropes 
Hexadecane 
         
100 0.00054 






As seen from Table 2, in nanofiber yarns or in materials with nanometer pores 
(mesopores), the stress jump can be made sufficiently high, and hence it can be detected 
by available stress sensors. This suggests that the yarns made from nanofibers can be 
used for sensor applications if, for example, one wants to detect aerosol droplets in the 
atmosphere. Yarns from nanotubes are especially attractive, because their porosity can be 
made very close to one, thus significantly increasing the stress jump       (   )⁄ .  
2.4 Elasto-capillary in fabrics 
In this case, the applied stresses are distributed over both the matrix and saturating 
liquid. The same logic is applicable to the case of 3D fabrics: the stresses acting upon the 
fibers in wet and dry materials differ. Let’s consider a rectangular nonwoven material 
such as a strip of paper or a piece of fabric clamped from one edge and subjected to a 
tensile force   from the other. It is assumed that the force is distributed uniformly over 




Figure 9.(a) Fibrous material subjected to tensile loading.(b) Stresses distribution in 
semisaturated sample. 
 
In-plane stresses. In the dry sample, the force balance can be written as    =   
 A  , 
in which   
  is the normal stress acting over the edge cross-section. When the 
atmospheric pressure is set to zero, this stress is supported only by the fibers. If an 
average stress exerted on each fiber is    
 , then the force balance can be rewritten as  
    =   
  A   =    
 (1–  ) A . eq. 2. 5 
In the mechanics of porous materials,    is considered identical to the sample 
porosity, i.e. the ratio of pore volume to the sample volume (K. Terzaghi, 1940; K.   
Terzaghi & Peck, 1948; Wang, 2000). It is not obvious, however, if we can interpret   as 
porosity of the 3-D fibrous materials: the emptiness taken in the projected direction can 
differ from that taken in the perpendicular direction. 
In the wet samples subject to the same load, the average normal stress is supported by 















   =   
  A  =   
 (1–   ) A – Pl    A  eq. 2. 6 
where   
 is the average stress acting on the wet sample,   
  is the tensile stress 
experiencedby each fiber, and Pl is the pressure in the liquid, sometimes called the pore 
pressure (K. Terzaghi, 1940; K.   Terzaghi & Peck, 1948; Wang, 2000). The compressive 
pressure is considered positive.  
The pressure term, eq. 2. 6, is the key term explaining the elasto-capillary effect in 
partially saturated materials.  Assume that the sample is subject to tensile force F applied 
to a wet part of the material, so that a wetting front separates the material on dry and wet 
parts. One can immediately infer that the same force   is supported by the stresses 
  
 and   
 ,    =   
 A  =   
 A . Solving eq. 2. 5 and eq. 2. 6 for the fiber stresses, we 
obtain   
 = F / (1–   ) A and    
 = (F + Pl    A ) / [(1–   ) A ]. Since there is no flow 
through the sample thickness, the pressure Pl is constant in each cross-section, which is 
merely a local capillary pressure induced by the menisci exposed to the atmosphere. 
Concave menisci formed by wetting liquids produce a negative pressure in the liquid, Pl< 
0. Thus, the tension   
 = (F + Pl    A ) / [(1–   ) A ] on the wet fibers is always smaller 
than tension   
 = F / [(1–   ) A ] on the dry fibers and the stronger the capillary pressure 
in the liquid, the greater the difference between   
 and    
 . 
Trans-planar stresses. Similar arguments are applicable to the analysis of trans-planar 
stresses. If A|| is the in-plane area of the sample, then ε|| is the ratio of the in-plane area of 
pores A||
p 
to A||. In the dry part, as follows from the force balance,    = A||   
 =  (1–   ||) 
A||   





 = Pl     (1-   ). In the case of the trapped droplet of wetting liquids, the pressure 
in the liquid causes a negative compression of the sample in the transverse direction 
through its thickness. Therefore, capillary forces acting through the sample thickness tend 
to bring fibers closer together as evidenced in experiment with fiber rails Figure 4. 
Below all discussion will be centered around the in-plane stresses only, the normality 
index will be omitted. 
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III. LIQUID FLOW 
The preceding analysis of stresses can be directly applied to the case of a moving 
meniscus. In this case, eq. 2. 1 and eq. 2. 2 hold true, but the pressure inside the moving 
liquid is no longer constant. The goal of this chapter is to describe the pressure 
distribution in a moving liquid column in order to incorporate the results in the balance of 
forces acting on the materials cross-section and reveal actual stresses acting on the 
material matrix. 
3.1 Moving meniscus and stresses in tubes 
If the capillary is sufficiently long, the wicking  process is not very rapid (Lucas, 
1918; Washburn, 1921). One can safely assume that the meniscus takes on its equilibrium 
semispherical shape dictated by the Laplace law of capillarity. The flow can be described 
by the Hagen–Poiseuille law (Adamson & Gast, 1997) (eq. 1. 12). Application of this law 
implies a linear pressure distribution along the pipe.  
In the general case of non-wetting liquids, when the liquid is pushed at the liquid 
source, by the external pressure   , which is greater than the atmospheric pressure, the 
pressure distribution reads: 
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 ( )
     eq. 3. 1 
where   is a coordinate of any point along the liquid front with the origin at the capillary 
entrance,  ( ) is the front position. 
In case of wetting liquids, the liquid is able to invade the pore spontaneously even 
from a reservoir with an atmospheric pressure. In our formulas, the pressure at the 
capillary entrance can be set to zero,        . The contact angle is less than 90, 
hence       , and the pressure distribution (eq. 3. 1) has a form (Figure 10a):  
   
   
 ( )
  eq. 3. 2 
 
 
Figure 10.(a) Change in the linear pressure distribution with time during spontaneous 
wicking, time t1>t2, P0=0. Black arrow shows the direction of movement of the pressure 
profile as the meniscus propagates through the capillary. (b) Schematics of pressure 
distribution in a liquid, invading a nanoporous yarn. 
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3.2 Wicking in Yarns 
3.2.1 Horizontal wicking 
The dynamic case of a moving wetting front is more interesting for sensor 
applications when one needs to detect aerosol droplets hitting the yarns. Figure 10b 
shows a schematic of pressure distribution in the liquid column inside of a nanofiber yarn 
caused by wicking of a drop. Owing to the capillary action, the droplet has a tendency to 
disappear inside the yarn. For porous nanofibrous yarns, it is convenient to introduce the 
droplet contact line as a boundary where the pressure is equal to the atmospheric 
pressure. Ahead of this line, the pressure is below the atmospheric pressure; hence, the 
liquid invades the pores. Behind this contact line, the pressure is above the atmospheric 
pressure; i.e., the liquid belongs to the droplet. Two contact lines define the length of the 
drop base    . Because the size of the drop is much greater than the pore size in the yarn, 
one can safely assume that the pressure in the drop is almost atmospheric and therefore 
only the flow in the yarn need to be considered. 
For porous materials, the Hagen–Poiseuille law is replaced by Darcy’s law (eq. 1. 16) 
(Scheidegger, 1974)   (  ⁄ )     ⁄ , where   is the flow velocity,   is the 
longitudinal permeability of the yarn, and   is the coordinate taken along the yarn axis, 
with the origin placed at the drop center.  From the mass balance equation written for the 
moving liquid,       ⁄  one concludes that the pressure in the liquid is distributed 
linearly between the contact lines and the wetting fronts. 
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At the wetting fronts    ( ), the pressure is equal to the capillary pressure   , 
while at the contact lines      , it is equal to the atmospheric pressure, which is taken 
to be zero. From these boundary conditions, we find the flow rate as: 




    
. eq. 3. 3 
Accounting for the definition of porosity, the liquid discharge per unit area is written 
as        ⁄ . Hence, the Lucas-Washburn equation (eq. 1. 15) holds and the wicking 
constant is expressed as   √
    
  
. It is necessary to remember, that the capillary 
pressure for fibrous materials is a characteristic function of the given fibrous material and 
is defined as the difference between the atmospheric pressure and pressure in the menisci 
forming the wetting front (Scheidegger, 1974). Modeling the fibrous material as a bundle 
of capillaries, the capillary pressure can be estimated as    
      
  
 (Scheidegger, 1974), 
where γ is the interfacial tension of the liquid/air pair;    is the characteristic pore radius; 
and   is the contact angle that the liquid forms with the pore wall. We discuss only 
wicking of wetting fluids, hence we assume that the contact angle is zero. 
3.2.2 Probing liquids at the tip of vertically placed yarn 
In many cases, a yarn approaches the drop in question either from the top or from the 
bottom. Accordingly, the flow is either opposed or supported by gravity. These two cases 
will be discussed separately, under assumption that the liquid is wetting. It will be also 
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assumed that the probed drop is much larger than the pore size and therefore the extra 
pressure caused by the drop curvature can be neglected. 
Upward wicking. In this case, the yarn of length   is hung vertically and the lower 
end is submersed in the wetting liquid (Figure 11). The center of the coordinates is taken 
at the liquid surface, with the y-axis pointing upward. Since the liquid wants to wet the 
yarn, it invades the pores and climbs up the yarn. 
 
 
Figure 11.Schematic of liquid wicking in vertically fixed yarn: (a) upward wicking, (b) 
downward wicking. 
In order to describe the flow, it is convenient to introduce the flow potential as the 
sum of the pressure in the liquid and pressure due to weight of the liquid column: 




where    is pressure in the liquid,    is liquid density,   is acceleration due to gravity. 
Darcy’s law is written as:   
   (  ⁄ )(    ⁄ ) eq. 3. 5 
It is assumed that the liquid is not volatile, i.e., there is no mass loss; hence, the mass 
conservation equation reads     ⁄          ⁄ . Integration of this equation gives 
the linear distribution of the potential along the sample,       , where   and   are 
time-dependent functions that can be found from the boundary conditions.  
The boundary conditions are imposed on the pressure; namely, the pressure at the 
liquid source    , is equal to zero, hence    . At the wetting front    ( ), the 
pressure is below atmospheric pressure and the jump is equal to the capillary pressure   . 
Again, following Sect.3.2.1, we assume that    is the physical constant characterizing the 
given material/liquid pair. Thus, the boundary condition at the wetting front is written as: 
           . From this equation it follows that    
  
 
    . With the obtained 
constants, the pressure distribution in the moving liquid column is obtained from eq. 3. 4 
as     
  
 
 . This distribution is similar to that found for horizontally placed yarns. The 
main difference comes from the complex time dependence of the front position, which 
differs from the square root of time kinetics. Again using the definition of liquid 






  (  ⁄ )  (  ⁄ ) [
  
 
    ]. 
eq. 3. 6 
This non-linear equation can be solved analytically (Lucas, 1918; Washburn, 1921) to 
give an implicit solution as: 
 ( )  
  
   
  (  
    ( )
  
)  (      ⁄ )   .  
eq. 3. 7 
As it was shown earlier (Sects. 1.3, 1.7) both capillary pressure and permeability 
depend on the size of the pores driving the flow through the material. eq. 3. 7 can be 
brought to the form, which allows to find these two parameters independently by fitting 
experimental dependence of the front position versus time of wicking (see Sect. 6.3.5 for 
details) (Miller, 2000): 
   (
 
 
)    (  
 
 
)      
eq. 3. 8 
where          and           are considered as adjustable parameters that 
provide the best fit for the experimental data. Once they are determined, the capillary 
pressure    and the permeability k can be found as         and            (Miller, 
2000). 
Downward wicking. When the yarn approaches the drop from below, the absorbed 
liquid wicks downward. The description of the downward wicking follows from the same 
model. The origin of coordinates again is chosen at the liquid source with y-axis pointing 
upward. Applying the definition of flow potential,          , and integrating the 
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mass balance equation,     ⁄   , one has a linear distribution of the flow potential 
along the sample       . The constants   and   are found form the boundary 
conditions:   ( )   ,   (  )     , which give     and   (       )  ⁄ . This 
leads to the following linear form of the pressure distribution in the moving liquid: 
   
  
 
 . Using the definition of liquid discharge        ⁄  and Darcy’s law written 




 (  ⁄ ) [
  
 
    ]. 
eq. 3. 9 
This is different from eq. 3. 6, because the weight of the liquid column pushes the 
front down. The integration of eq. 3. 9 gives the following implicit equation for the 
position of the wetting front:  
 ( )  
  
   
  (  
    ( )
  
)  (      ⁄ )   . 
eq. 3. 10 
This equation suggests that at the initial instants of time, when the hydrostatic 
pressure is smaller than the capillary pressure,        , the kinetics of front 
propagation is almost linear (Miller, 2000)   (      ⁄ ) . Because of this constraint, 
       , the Jurin length    (     ⁄ )appears as a natural characteristic length scale. 
Thus, quantitatively, if the length of the wet part of the yarn is much smaller than the 
yarn’s Jurin length    , one expects to observe the linear kinetics of front propagation.  
Some examples for the flow kinetics in cases of the upward and downward wicking 
are shown in Figure 12. The smaller is the size of the pores in the material, the less is the 
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difference between the kinetics of upward and downward wicking (Figure 12a). The 
influence of the material porosity is shown in Figure 12b. For porosities above 0.8 the 
kinetic curves overlap for upward and downward wicking. 
 
Figure 12.(a) Dependence of upward (UW) and downward (DW) kinetics of the material 
on the size of the effective pores Rp. Other material parameters are chosen to be close to 
the real data for fibrous materials: k=10
-12
, ε=0.8. Water is chosen as a wicking liquid: 
ρl=998 kg/m
3
, γ=0.072 N/m, μ=0.001 Pa∙s. (b) Dependence of upward (UW) and 
downward (DW) kinetics on the material porosity ε. The pore size is fixed and equals to 
Rp=100 μm. All other parameters are as in point (a). 
3.3 Sample folded on itself 
The combination of two previously discussed cases is a case of downward and 
upward wicking in vertically hanging fabrics, Figure 13. Assume for a moment that the 
fabric of length   is folded on itself and it is hung vertically at height       (see 





Figure 13. Sample folded on itself: downward and upward wicking. The wet part is 
shown as a dashed line. S is the total sample length, H–S/2  is the coordinate of the fold 
point, L is the front position along the sample. 
Both faces of the fabric are covered with a non-permeable coating of negligibly small 
thickness. First, the liquid is delivered to one fold of the fabric and moves on the 
downward fold; when it reaches the fold point it changes the direction of flow on the 
upward fold. The corresponding kinetic equations for the downward wicking remains 
unchanged (Monaenkova & Kornev, 2010): ( )  
  
   
  (  
    ( )
  
)  (      ⁄ )  
 ; and for the upward wicking should be slightly modified to take into account the 
hydraulic head build during the first stage of the downward wicking:  ( )  
(
  
   
  )   (  
 ( )
(        )
)  (      ⁄ )   . The importance of this example is 
discussed in Sect. 3.4.  
3.4 Freely suspended material 
The models described above can be used to predict the flow in thin fabrics suspended 





This is the case of freely-sagged fabric, absorbing liquid from one end. When the fabric 
sample is suspended freely the engineering estimates of the wicking rates based on the 
models of horizontal, upward, and downward wicking (Leisen, Schauss, Stanley, & 
Beckham, 2008; Miller, 2000) are unable to give reasonable predictions for the flow 
kinetics.  
Figure 14 shows the results obtained in experiment on the liquid wicking through the 
fabric suspended between two posts of the equal height. The positions of wetting front 
along the sag   versus time are presented as large solid dots. The details of the 
experimental set up are given in Sect. 6.3.1. In the graph, the zero time corresponds to a 
moment when the wetting front passed the suspension point and started its motion along 
the sag.  
In engineering practice, the wicking kinetics is usually described by the Lucas-
Washburn law (LW). Modeling the fabric as a bundle of capillary tubes the LW model 
can be interpreted as follows: the constant capillary pressure   acting at the wetting front 
pushes the liquid to invade the pores, but the pressure gradient decreases as the front 
propagates deeper into the fabric. The predictions of the LW kinetics overlapped on the 
experimental results show about 30% divergence: the experimental kinetics is faster than 
the LW one. Thus, the effect of gravity should be important and the driving force should 
include the hydraulic head term, which changes in a non-trivial way as the front 




Figure 14.Solid lines: normalized front position s*/S versus normalized time t/tch during 
downward (DW) and upward (UW) wicking of water in the sample folded on itself in 
comparison to wicking in the sagged sample (C); Dotted lines: Blue dots - LW kinetics 
for wicking in horizontally stretched sample with the same characteristics, black dots - 
experimental results on wicking in freely sagged sample. 
The effect of gravity can be estimated by using the model for the flow in the fabric 
folded on itself (see curves DW, UW for downward and upward wicking respectively in 
Figure 14). In the experiment, the wet part of the sample is ten times heavier than the dry 
one (Sect. 6.3.1 for details). Therefore, the freely-suspended sample sways toward the 
liquid source making a very steep slope of the wet part of the sample profile in the 
beginning of the experiment (see Figure 15). Accordingly, liquid initially wicks almost 
downward and the experimental kinetics is well described by the model of downward 
wicking into vertically hanging fabrics. Points 1 and 2 correspond to the transition from 
the downward to the upward wicking in the freely-hanging sample and in the sample 
folding on itself, respectively. It is apparent that the folded sample experiences this 
transition later, which insures the greater value of the hydraulic head supporting the 




Thus, from the comparison of results for simple models and experimental data, one 
sees that the effect of the fabric shape cannot be ignored. When liquid wicks into freely 
suspended flexible material it changes its shape owing to gravity and the flow potential is 
affected by the shape of the current shape of the fabric. The theoretical and experimental 
study on the kinetics of liquid wicking into sagged nonwoven materials is given below.  
 
Figure 15.Change of the sample profile during wicking experiment. Water wicks into the 
sample from the right. 
3.4.1 Geometry 
A fibrous specimen of thickness   and width   is held between two stationary posts of 
equal height   separated by distance  . 
 
Figure 16.The shape of partially wet fabric of length S. The liquid (the dashed line) 
wicks into the sagged fabric from a source separated from the suspension point (D, H) 







Each end of the specimen is firmly sandwiched between two glass slides to guarantee 
that the material does not slip from the posts. One end of the specimen extending from 
under the glass slides is immersed into a vessel with a wetting liquid. This piece of length 
  is held horizontally. The length of the sagged part of the sample is  . The liquid wicks 
into the material immediately upon immersion and propagates along it. For calculations 
of the flow kinetics in this chapter the material constants, namely pore radius, Rp, 
porosity  , and the permeability k are taken for the samples used in experiments, which 
are  described in Sect. 6.3.1.  
3.4.2 Flow kinetics 









(s,t)) coordinates, describing the 
shape of the dry (minus) and wet (plus) parts of the fabric. The arclength s is counted 
from the suspension point (   ) where it is equal to zero,  (   )    . Modeling the 
transition layer separating the dry and wet parts as a sharp boundary significantly 
simplifies the problem in question. In this formulation, the problem of the fluid flow 
becomes very much similar to the Hele-Shaw model of two-phase flows (Bensimon, 
Kadanoff, Liang, Shraiman, & Tang, 1986; Vasil'ev, 2009) and  Stefan problem of phase 
transitions in materials science (Balluffi, Allen, Carter, & Kemper, 2005).  
In order to describe the flow through a freely hanging fabric, the continuity condition 










 eq. 3. 11 
where   is the wicking velocity,  
 
 is the liquid density,   is the in-plane permeability of 
fabric, and   is the liquid viscosity,   is a coordinate of any point along the flow profile 
measured from the liquid source,   is a flow potential.  
The flow potential is introduced as sum of pressure in the liquid and hydrostatic 
pressure  ( )         
 (      ), where    is a pressure in the liquid and  
 (   ) 
is a vertical coordinate along the wet part of the sample profile. The boundary conditions 
for eq. 3. 11 are as follows. The pressure at the liquid source,    , is equal to the 
atmospheric pressure which we take as the zero-reference,         . At the wetting 
front  ( ) one needs to specify two boundary conditions. The first condition is that the 
pressure at the wetting front  ( )        is equal to the capillary pressure   ( 
  
    )     , where  
  is the distance from the suspension point to the wetting front. The 
second condition is the mass balance condition that states that the velocity of moving 
front follows Darcy’s law.  
Substituting Darcy’s law in the continuity equation, one obtains                
    A twice-integration of this equation reveals that the potential is a linear function of 
length  :      . Since one part of the sample is held horizontally, l<s0, one needs to 
introduce two potentials. The potential    will be the flow potential for the horizontal 
       part of the sample and    will be the flow potential for the sagged part, 
      
    . Both potentials should be linear functions of l.  
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Let potential on the horizontal part of the sample to be introduced as           . 
From the boundary conditions it follows that the pressure at the liquid source with     
(vertical coordinate     ) is equal to zero,    , then        . Potential on the 
sagged part of the sample is            . On the wicking front with    
    (  
  (  )) the pressure is equal to the capillary pressure,       , then   ( 
    )  
           
 (  ). 
At the suspension point      the values of potentials        and flow rates        
(or 
   
  
 
   
  
) should be the same. These continuity conditions give the following 
relations between the potential constants:                and        , thus 
       . Therefore, from the boundary conditions it follows that    (   
   (   
 (  )))  (     ).  Thus, the Darcy’s law on the wicking front     
      
is: 
   
   
  
  (   )  (       ( 
 (    )   )) (     )  
eq. 3. 12 
and corresponding equation for the flow potential: 
   (      (   
 (  )))
 
(     )
      
eq. 3. 13 
where   (  ) is a vertical coordinate of the wetting front, and for pressure:  
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      [        (    
 (  ))]  
 
     
   
 
 (     ( ))  eq. 3. 14 
According to eq. 3. 13, at the suspension point (   ), the flow potential is equal to 
 ( )         , whereas at the moving front ( 
 (  )   (  )) the flow potential is 
 ( )       (      (    
 (  )))     (     )      .  
The example of the variation of the flow potential at the wetting front as a function of 
the front position is shown in Figure 17. Again, the data for the estimates are used from 
the real experiment on the liquid flow in the freely suspended sample, described in 
Sect.6.3.1. 
 
Figure 17.The flow potential as a function of the position of wicking front,  ̅ =s*/S. 
Darcy’s law (eq. 3. 12) at the moving front l=s0+s* reads: 
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      (   )  (       ( 
 (    )   )) (     )  eq. 3. 15 
As    H, eq. 3. 15 is then reduced to the familiar Lucas-Washburn equation, 
       (     )     ( 
    ), the solution of which is  
  √(        )    
  
   (Lucas, 1918; Washburn, 1921). At the later stage of wicking, the wicking kinetics 
significantly deviates from the square-root-of-time kinetics. This deviation is due to an 
additional weight of the wicked-in-liquid being proportional to   (  ) . 
From eq. 3. 15 it follows that the flow in the sample depends on the vertical 
coordinate of the wetting front   (    ) at each moment of time. Thus, the problem of 
fluid flow and fabric deformation are coupled through this parameter.  
The correlation between the shape of the freely suspended sample and the front 
position is explained in details in Chapter V. At this point it is important to know that for 
a given front length        
 (    ) can be found from the force balance arguments for 
the freely suspended part of the sample. 
3.4.3 Non-dimensionalization 
 
An analysis of the wicking kinetics in freely hanging paper towels can be extended to 
different materials by introducing dimensionless variables in eq. 3. 15: 
  ̅    ̅  (         ̅   ̅




 ̅         ̅
        ̅       ̅ ( ̅   ̅)    (    ) /S, and     is the characteristic 
time:   
         (    )  eq. 3. 17 
Characteristic time represents the time required for a fictitious liquid with viscosity  , 
density   , and zero surface tension to wet the vertically hanging sample of length  , 
permeability   and cross-sectional porosity   . It is expected that the greater the 
characteristic time, the longer time required for the wetting front to reach the point with 
the maximum sag (Figure 20 b). As an example, the values of characteristic times for 
different liquids, wicking in 10 cm long sample are provided in Table 3. The influence of 
the characteristic time     on the position of the wetting front is shown in Figure 18. The 
greater is the characteristic time, the longer it takes for the liquid to fill up the sample. 
 
Figure 18.The normalized front position plotted versus the dimensional time for different 
characteristic timestch: (1)tch=50 sec, (2) tch=100 sec, (3) tch=200 sec, (4) tch=300 sec. 
The differential form of eq. 3. 16 is: 
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( ̅   
 - ̅ 
 )
 ̅   - ̅ 
 (   (ρ   )   ̅- ̅
 ( ̅ 
   )̅)  ̅ 
  
eq. 3. 18 
As one sees from eq. 3. 18 an incremental change of the front position at each 
iteration step can be obtained using  ̅ ( ̅ 
   ̅)  and  ̅ 
  - values from a previous step. Then 
the sample profile is adjusted accordingly to the defined new front position  ̅   
 , 
 ̅ ( ̅ 
   ̅)  is found from force balance arguments and the procedure is repeated. At the 
very first step, the front position is found from the LW approximation:  ̅  
√(        ) ̅   ̅ 
   ̅  as t 0. The time step  ̅   - ̅  is chosen so that each time the 
obtained increment of the front position  ̅   
 - ̅ 
  would not exceed 0.001. 
Table 3.Characteristic time for different liquids wicking through a 10 cm long 
sample. 
Liquid   , kg/m
3  , Pa∙s  , m2    L, m    , sec 
Ethanol 789 0.0012 10
-10
 0.9 0.1 140 
Acetone 790 0.00041 10
-10
 0.9 0.1 48 
Kerosene 804 0.0024 10
-10
 0.9 0.1 274 
Fuel oil (light) 910 0.0165 10
-10
 0.9 0.1 1664 
Water 998 0.001 10
-10
 0.9 0.1 92 
Blood 1035 0.0045 10
-10
 0.9 0.1 399 
 
 
The numerical solution of eq. 3. 16 for the flow kinetics is in a good agreement with 
the experimental observations (see Figure 14, curve C).  
3.4.4 Parameters affecting the flow 
The analysis of eq. 3. 16 allows one to determine the limiting cases of flow, when the 
Lucas-Washburn law for the horizontally and vertically held samples would be 
applicable. In the freely-suspended sample, the flow is driven mostly by the capillary 
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pressure (LW kinetics), when inequality             ̅   ̅
 ( ̅   ̅)  holds true 
consistently until the sample becomes completely saturated. If the sample length and post 
height satisfy the inequality           ̅   such samples can be called short. The 
gravity term becomes important only when the equality             ̅   ̅
 ( ̅   ̅)  
holds. For example, assume that water wicks into a sample with 150 m pores. In this 
case, the hydrostatic pressure becomes comparable with the capillary pressure when the 
absolute height of the water column reaches      (    ) ~ 10 cm. Therefore, the 
samples are considered short, if their sag is much smaller than 10 cm for a given pore 
size. Thus, for heavier liquids, the hydraulic term is important and cannot be omitted. 
Numeric analysis of the flow model indicates that as the ratio of the shape factors 
            increases, the fabric profile becomes steeper in the wet part of the 
sample. As a result, the liquid flows almost vertically down the sample. 
As opposed to the upward and downward wicking in vertically hanging samples, a 
quantitative analysis of the wicking kinetics in the sagged fabrics is not straightforward. 
In the vertically hanging samples, the  ̅ (    ) - coordinate of the wetting front - has a 
simple dependence on the arclength,  ̅ (    )   ̅   ̅  (downward wicking) and  
 ̅ (    )     ̅   ̅ (upward wicking). In the sagged sample, the  ̅ (    ) - 
coordinate of the wetting front has a complex implicit dependence on  ̅ :  ̅ (    )  
∫ √  (  ̅)  (  ̅)   ̅
 ̅ 
 
. Figure 19 shows the vertical front coordinate   ̅ (    ) for 
upward, downward wicking and wicking in the freely suspended sample. The plot is built 
under assumption that for folded and freely suspended sample, the transition from 
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downward to upward wicking occurs at the same saturation level. The change of the 
vertical coordinate in the freely suspended sample occurs less rapidly since the flow is 
restricted by the shape of the conduit. 
By coupling geometry of the freely-suspended sample with the liquid flow kinetics, 
one can plot a phase diagram allowing to evaluate the pore size of the material from the 
experimental results (see Figure 20a). From numerical solutions of the kinetic equation 
eq. 3. 16 for a given liquid/solid pair and experimental geometry, it is possible to estimate 
a time     when the liquid reaches the profile minimum, This time depends on the value 
of the dimensionless complex Pc/ρlgL (Figure 20a).  





given in Table 4. Assume that the wicking liquid is water and it has reached the profile 
minimum at      2.5 seconds. The corresponding ratio of          is equal to     . 
The corresponding ratio         can be found from Figure 20a as         =0.61. Thus, 
the capillary pressure in the sample that is saturated with water is 1015 Pa. The 
corresponding pore radius is estimated as             (         )     µm. 
Therefore, the phase diagrams plotted for a given geometry allows one to estimate an 





Figure 19.Variation of the vertical coordinate of the wetting front as a function of the 
front arclength during upward (UW), downward (DW) wicking and wicking in the freely-
suspended sample (C). 
 
 
Figure 20.(a) The time needed for the liquid to reach the profile minimum versus 
characteristic time tch. (b) The dimensionless time needed for the liquid to reach the 
profile minimum versus parameter Pc/ρlgL. 
Figure 20b shows, that the materials engineer can tune the ratio           by varying 
the density and permeability of the sample according to eq. 3. 17. 
Now, when the pressure distribution is discussed one can proceed to the initial gaol, 
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IV. VARIATION OF STRESSES IN 1-D FIBROUS MATERIALS CAUSED BY 
LIQUID FLOW 
Once the kinetics of the liquid motion is known, one can calculate the stress 
distribution in the capillary walls, on the fibrous networks of yarns and fabrics.  
4.1 1-D probes: Stresses in the walls of horizontally fixed capillaries 
4.1.1 Stress distribution in capillary walls: Non-wetting liquids. Forced 
impregnation 
In this case, the contact angle is greater than 90, hence       , and capillary 
pressure is negative,     . To impregnate the capillary with a non-wetting liquid, one 
needs to apply an extra pressure   . In a general case, as follows from eq. 2. 1, eq. 2. 2 
and the continuity condition for the stresses, the stress in the wet part of the capillary is 
related to the stress in the dry part and pressure in the liquid, as:  
     
 
   
   . eq. 4. 1 
Substituting eq. 3. 1, for horizontally fixed capillary tube, one obtains: 
        
 
(   )
 
      
 
 
(   )
  
eq. 4. 2 
Thus, in forced impregnation, the action of the moving liquid column is similar to that 
of gravity, which also leads to a linear stress distribution in the material. The distribution 
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of stresses on the capillary walls during forced impregnation in the absence of average 
stress     is shown in Figure 21b. 
The forced impregnation of nanofibrous preforms is used for  composite formation 
(Alimov & Kornev, 2007; Dzenis, 2008; Kokuoz, Kornev, & Luzinov, 2009; Kornev, 
Burstyn, & Kamath, 2007; Kornev, Ren, & Dzenis, 2009). Using the estimates of the 
stress jump given in (Table 2), one can appreciate the difficulty of impregnation of 
materials with nanometer pores: the tension might be comparable to the strength needed 
to break the porous material. 
4.1.2 Stress distribution in capillary walls: Wetting liquids. Spontaneous wicking. 
A wetting liquid is able to invade the pore spontaneously even from a reservoir with 
an atmospheric pressure. 
 
Figure 21.(a) Change in the linear pressure distribution with time during spontaneous 
wicking, time t1>t2, Pa=0. Black arrow shows the direction of movement of the pressure 
profile as the meniscus propagates through the capillary. Stresses on the walls of capillary 
filled with (b) non-wetting and (c) wetting liquid, Δ=Pcε/(1–ε). 
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In our formulas, the pressure at the capillary entrance can be set to zero,        , 
and from eq. 3. 2 and eq. 4. 1 it follows:  
Elastic deformations. Again, using Hooke’s law for a thin-walled capillary, 
    (        
 )  ⁄⁄ , with the same notations as those in (eq. 2. 1), and considering 
the local change of longitudinal stress as       (   ⁄ ) and the hoop stress as 
    
       , one obtains for the freely suspended capillary 
        ⁄  (        
 )    [          ( )⁄ ](  ⁄   )⁄⁄ , where  ( ) is the 
longitudinal displacement of the wall material at point x. The tip displacement is obtained 
by integration over the wet part of capillary as  ( )   ( )   [ ( )       ⁄ ](  ⁄  
 ). For aqueous solution propagating through multiwalled carbon nanotube, the 
estimation of the scaling factor gives    ⁄  0.1, hence, the capillary displacement is 
estimated as     ( )   ( )   [        ( )](  ⁄   ). For carbon nanotubes 
prefactor (  ⁄   ) is in the order of 0.1, then the estimate of the relative change of the 
probe length gives approximately 1% of the liquid column length. If the length of 
thecolumn in the nanotube reaches 1 cm the corresponding deformation is around 100 
microns. Therefore, by choosing a tube length sufficient to accommodatea long liquid 
column, one can detect these deformations by currently available instruments. 
4.1.3 Suspended probe 
If the average stress is zero, the capillary walls in its dry part bear no tension,     . 
Although the dry part of the capillary is free of stress, the wet part is partially compressed 




(   )
 . eq. 4. 3 
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and partially stretched (Figure 21c). The difference between this case and the static case 
is that the stress in the wet part is linearly distributed; it decreases from the pressure in 
suspended drop where the pressure is greater than the atmospheric pressure to the 
pressure under meniscus, which is below the atmospheric pressure.  
4.1.4 Stressed probe 
 If the tube is pressed against a wet substrate, the average stress is not zero anymore. 
Hence, the dry part of the capillary is compressed by the given force  . The force balance 
reads    (   )   
 (   )       (   )     
 (   ), where the left hand side 
is the force acting at the moment t on the edge of the capillary, the middle part is the 
force acting on each cross-section with coordinate x of the wet part of the capillary, and 
the right hand side is the force acting on the empty part of the capillary. Therefore, 
     (  (   ))⁄ . This stress tends to compress the empty part of the capillary. 
The magnitude of the compressive stress has a maximum at the meniscus,      
   
 (  (   ))     (   )⁄⁄ , and it then decreases to the applied stress   
   
 (  (   ))⁄  toward the capillary end.  
Elastic deformations. In order to calculate the strains and displacements, one has to 
account for the compression exerted by the applied force on the whole capillary. Again, 
using Hooke’s law in the form     (        
 )  ⁄⁄ , similar to the case of the 
trapped drop, one has: 
    ⁄             (   )   (    ⁄ )  ⁄⁄  
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        ⁄  (   ⁄ )(    ⁄ )[(      )   ⁄    ] 
where    is the pressure in the wet substrate.  
The change of the length of wet part of the capillary is obtained by integration of the 
Hooke’s law over the wet part of the capillary: 
 ( )   ( )     ( )        (     ) ( )(    ⁄ )     ⁄⁄ .  
In most cases, when      and        ⁄ , the capillary shrinks in the longitudinal 
direction.  
4.2 Capturing aerosol droplets: Stress distribution in horizontally fixed yarns 
The analysis of the longitudinal stresses which build up in the fibrous constructs upon 
liquid invasion is under interest in sensoric applications, for example, when one has to 
detect the presence of aerosol droplets in the environment Figure 22. The aim of this 
section is to reveal if the stress fingerprints can be used for the liquid detection.  
 
Figure 22.A drop of ethylene glycol deposited on a yarn made of Polyvinylidene 
Fluoride/Polyethelene Oxide (PVDF/PEO) nanofibers. Observe that the drop base does 
not change its length during wicking process.(Courtesy of Taras Andrukh) 
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4.2.1 Yarns under tension 
Assume first that the yarn ends are stressed by an applied force that is kept constant 
during the drop wicking, for example, by applying a weight to the yarn ends. The weight 
of the aerosol droplet is negligible and that the yarn does not flex under the droplet 
weight. Moreover, the yarn packing density is assumed high, thus guaranteeing 
insignificant radial deformations. Under the applied load, the yarn is put under tension, 
          . As follows from the arguments presented above, the stress distribution 
in the yarn satisfies eq. 4. 3. The pressure in the droplet is almost atmospheric, therefore 
the stress on the fibers just beneath the drop is equal to   . Therefore, for the fibers 
situated between     ( )and      , the drop penetration  causes a stress relaxation, 
see Figure 23. 
 






Dry fibers  L(t2) 
Δ 







4.2.2 Yarns with clamped ends 
When the yarn ends are clamped, the capillary stresses in the yarn develop 
spontaneously, making this case attractive for sensor applications. The following 
notations are introduced:      
   is the stress on the fibers under the drop,    is the stress 
on the fibers sitting between the wetting fronts     ( ) and the contact lines      , 
and    is the stress on the dry fibers between the points     ( ) and the end 
points     . 
Again, it is assumed that the drop radius is much larger than the pore size; hence, the 
pressure in the drop can be taken as atmospheric. Thus, in order to describe the stress 
transfer from the moving wetting fronts to the dry parts of the yarn, one needs to solve 
the elasticity problem of finding the stresses      
 ,   , and    that are compatible with 
the boundary conditions. Constructing the free body diagram, one can see that at each 
instant of time  , the average stress in any yarn cross section is constant,        . 
Therefore, from eq. 2. 1 and eq. 2. 2, the corresponding longitudinal stresses acting on 
fibers in the different parts of the yarn can be revealed.  
First, from the continuity condition for the average stress, it can be inferred that the 
stresses      
  and    are equal to each other,      
    . At each instant of time, these 
stresses stay constant along the dry parts of the yarn and underneath the droplet. Again, 
using the continuity condition for the average stress, one finds a relation between the 
stress on dry fibers    and the stress on the wet fibers   ( ) as: (   )  ( )  
   
    
    
   (   )     Therefore, the stresses on the wet fibers in the regions 
61 
 
         are not uniform, (   ) 
 ( )       
    
    
   (   )     
    
    
  
(Figure 24). All of these stresses can be expressed through the stress   . However, this 
stress is not yet defined, and has to be found as a part of the solution of an elasticity 
problem.   
 
Figure 24. Redistribution of flow-induced stresses in the yarn with clamped ends. 
As known from fiber science (Hearle, Grosberg, & Backer, 1969), small longitudinal 
deformations in yarns satisfy Hooke’s law. In the given notations, Hooke’s law can be 
introduced as a linear relation between the average strain in the yarn and the average 
stress:      ⁄    (   )  ⁄ , where    is the displacement of each cross-section of 
the dry yarn, and E is the longitudinal Young’s modulus of the yarn. Assuming that the 
Young’s modulii of dry and wet yarns are the same, one can use the same relation for the 
yarn deformation under the drop,        ⁄   
 (   )  ⁄ , and in the wet part of the 
yarn,      ⁄    (   )  ⁄  
  (   )
 
 
   
 
    
    





L(t1) L(t2) Drop Dry fibers Wet fibers 
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L(t) 





problem are:      ( )          (   )   
 (  )    (  )    (  )    (  )   . 
The solution to this problem is obtained as follows. Integration of Hooke’s relation for 
        ⁄  gives:  
     ( )   
  (   )  ⁄    , eq. 4. 4 
where C1  is an integration constant. Because of the symmetry, the central cross-section 
of the yarn does not move after the drop deposition, i.e. udrop(0) = 0 and hence C1=0. 
Thus, the deformations of the yarn cross-sections under the drop are described by the 
following equation: 
     ( )   
  (   )  ⁄ . eq. 4. 5 
While the stresses and strains in dry parts of the yarn and those underneath the droplet 
are identical, the displacements are not. Because the ends of the yarn are clamped, 
  (  )   , the integration constant for the displacement   ( ) is different from that in 
eq. 4. 4,       (   )  ⁄ . Hence, the displacements of the cross-sections of dry part 
of the yarn are written as:  
  ( )    (   )(   )  ⁄ . eq. 4. 6 
Integrating Hooke’s law in the region         , one has: 
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  ( )  
 
 
[  (    )(   )    
(    )
 
 (    )
 ]     
eq. 4. 7 
The constant    is obtained from the continuity condition for the displacement of the 
yarn cross-section at the contact line,   (  )       (  ), therefore,         (  )  
    (   )  ⁄ . The displacements are obtained as: 
  ( )  
 
 
[  (   )    
(    )
 
 (    )
 ] 
eq. 4. 8 
From eq. 4. 5, eq. 4. 6 and eq. 4. 8, one can find the displacements of the yarn cross-
section a) at the contact line  
     (  )   
   (   )  ⁄  eq. 4. 9 
b) at the wetting front  
  ( )   
  (   )
 
(   )  
eq. 4. 10 
or  
  ( )  
 
 
[  (   )    
    
 
 ] 
eq. 4. 11 
 Applying the boundary condition   ( )    ( ), one has the stress acting on the 
fibers in the dry part of the yarn: 
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  (   )    
    
  
 . eq. 4. 12 
From this solution, it follows that the stress acting on the dry part of the yarn is 
positive, i.e., it is tensile. The same stress acts on the fibers underneath the droplet. 
Therefore, the yarns are stretched in the dry part as well as underneath the drop. In these 
parts of the yarn, the displacements depend linearly on coordinate  .  
When the liquid leaves the drop and flows from positions       toward the wetting 
front, it exerts a stress on fibers, and hence this stress is no longer constant, but now 
depends on the position  as   (   )     [(    ) (  )  
    
    
⁄ ]. The produced 
stress initially supports the yarn extension, but at the point      (    )
 (  )    ⁄ , 
the stress changes the sign and the yarn undergoes compression, which increases as the 
wetting front is approached. In the regions         , the displacement of the yarn 
cross-sections is a parabolic function of coordinate x with the maximum at the point 
    . In other words, some part of the yarn is extended, and some part of the yarn closer 
to the wetting front is shrunken. 
When the wetting front moves toward the yarn ends, it increases the tension on the 
dry part of the yarn,    (    ). According to the Lukas-Washburn law, the front 
position is proportional to the square root of time,     √ ; hence, the tension   
  
follows the square root of time kinetics as well. The extension of the piece of the yarn 
supporting the drop,      (  )      ( ( )    ) (   )⁄ , also follows the square root 
of time kinetics, whereas the displacement of the yarn cross-section at the wetting front 
65 
 
shows more complex time-dependence:   ( )     (   )(   ( )) (   )⁄  (Figure 
25). From the latter equation, one sees that the square root of time kinetics is observed 
only at the very first stage of flow, when    ⁄  is close to one,  
  ( )     ( ( )    ) (  )  √ ⁄ . 
 
 
Figure 25.Profiles of the displacements of yarn cross-sections in different regions. 
Observe that the slopes of the lines in the regions x>ld and x>L are the same, provided 
that the Young’s moduli of dry and wet materials are the same. The displacement of the 
yarn cross-sections reaches a maximum when the tensile stress turns into compressive 
stress. 
Consider some numerical estimates. The following parameters are used for numeric 
calculations of the displacements:     ⁄ =1,    ⁄ = 1/10. The maximum length of the 
wetting front is estimated from the above analysis by considering the mass balance. 
Assuming that the drop is almost spherical, the maximum length      is obtained from 
the equality     
       
      ⁄ giving         
    
  ⁄ , where    is the yarn 
Drop 
u(x) 







radius. In these calculations,       ⁄  is used. As seen from Figure 26a, the maximum 
deformations of the yarn cross-section at the contact line can reach several percent, 
meaning that these deformations can be detected by currently available instruments. The 
maximum calculated displacements of the dry fibers reach several percent at the point 
  (    )
      ⁄  where the tension turns into compression.  
 
 
Figure 26. (a) Displacement of a yarn cross-section at the contact line of a drop versus 
the position of the wetting front.(b)The displacement of the yarn cross-section at the 
wetting front versus the position of the wetting front.(c)The maximum displacement of 
the yarn cross-section at the point where the stress changes the sign. Porosity decreases 
from the top to bottom lines as 95%, 80% and 60%. 

































4.3 Probing liquids at the tip of vertically placed yarn 
As shown in Sect.3.2.2, when a yarn approaches the drop of wetting liquid vertically, 
the gravity either opposes or supports the flow. These two cases will be discussed 
separately. 
4.3.1 Upward wicking. Stress distribution in materials 
The stress balance equation is identical for dry and wet parts of the material and it is 
written as:  
   
  
    , eq. 4. 13 
where        (   )   is the density of wet sample, and  
  (   )   is the 
density of dry sample,    is the density of fibers. eq. 4. 13 can be easily integrated to 
show that the average stress linearly depends on the position along the yarn. To find the 
unknown integration constant, one has to account for the condition that the yarn end is 
free of stresses. This condition follows from the assumption that the probed droplet is 
much larger than the pore size and hence capillary pressure in this drop is negligible. 
Thus, one has      at    , hence the stress in the wet part of the yarn is obtained as:   
       . eq. 4. 14 
In order to obtain the boundary condition for the average stress in the dry part, one 
has to consider the force balance for the whole sample of the total length  . The total 
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force acting at the upper end of the yarn with the cross-sectional area    equals to the 
weight of the yarn: 
     ( 
     (   )). eq. 4. 15 
Therefore, the second boundary condition for the average stress is obtained as 
  ( )   (      (   )). Using this boundary condition and integrating eq. 4. 13, 
one obtains: 
        (     )  . eq. 4. 16 
The average stress is seen as continuous at the wetting front,      .  As follows 
from eq. 2. 1, the stress on the fibers in the wet part of the sample is written as: 
   
      
(   )
 
        ⁄
(   )
 , eq. 4. 17 
while the stress on the fibers in the dry part is:  
   
     (     )  
(   )
. 
eq. 4. 18 
According to eq. 4. 18, the stress   is always positive, i.e., the fibers in the dry part 
of the sample are always under tension. The stretching force at each fiber cross-section 
constantly increases as the liquid climbs further up the yarn. The stress   on the wet 
fibers is also linearly dependent on the vertical coordinate along the sample, eq. 4. 17, but 
the stress cannot always be positive. At the initial instants of time, when the hydrostatic 
pressure is smaller than the capillary pressure,     ( )     , the fibers are subjected to 
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capillary compression. When this inequality fails, i.e., the weight of the wet yarn 
becomes greater than the capillary pressure, the fibers are subjected to tension. Thus, the 
fibers in the wet part undergo a transition from compression to tension (Figure 27b).  
 
Figure 27.(a) The distribution of average stress along a vertically placed sample attached 
to a liquid source. (b) Transition from capillary compression to tension on fibers in a 
wicking experiment. At the moment t1, the fibers in the wet part are under compression, 
while at the moment t2,they become stress free, and finally after the moment t1, the fibers 
in both wet and dry parts are subjected to tension. Δ is the stress jump on fibers at the 
wetting front. 
Quantitatively, this transition occurs when ( )     , where: 
    
  
   
 
  




,    or   









  eq. 4. 19 
where    (     ⁄ ) is the Jurin height, i.e., the maximum capillary rise in circular tubes 


























transition from compression to tension can be delayed by making the yarns more porous 
and lighter (Figure 28). 
 
Figure 28.Dependence of normalized critical length on the density ratio at different 
sample porosity. 
For polymeric fibers, the density ratio     ⁄  shows a minimal change. Therefore, for 
these yarns, the transition from compression to tension significantly depends on the yarn 
porosity. For highly porous yarns, the transition point approaches the Jurin length, but for 
low porous yarns, the transition point is much below the Jurin length.   
Yarn-based probes can be used for many applications where the liquid reservoir is 
hidden inside some material. For example, one can think about well-logging or some 
other geophysical applications, where the probe is expected to be very long. Sometimes, 
long probes cannot withstand the weight of absorbed liquids and are prone to break. 
Therefore, it is natural to pose a question about the critical length of the yarn, beyond 
which it would break under its own weight. As shown in Figure 27b the most stressed is 

















the point where the yarn is attached to the support. Consider first the experiments on 
upward wicking. According to eq. 4. 17, the stress there equals to: 
   
     (     )  
(   )
 
(   )          
(   )
. 
eq. 4. 20 
If this tensile stress becomes greater than the stress required to break the dry yarn, 
     (ultimate stress), the yarn will break before complete saturation. From eq. 4. 20, one 
can estimate the front position at the moment of yarn rupture:
 
     
(   )
 
         
   
. eq. 4.21 
The critical length of the dry yarn when it breaks under its own weight is: 
    
    
  (   ) 
. eq. 4.22 
From this equation one can express      through     to obtain the failure criterion as:  
     ((   )     )
  (   )
   
. eq. 4.23 
One can see that the yarn cannot be longer than   (   )   , i.e., longer than the 
critical length of the solid material suspended under its own weight. Consider some 
practical estimates.  
High density polyethylene. The ultimate stress of this material can be increased up 
to     =155 MPa(Gurhan, Rui, Rui, Antonio, & Michael, 1999). The density of HDPET 
is   = 990 kg/m
3
. Assuming 60% porosity, the critical length of the empty sample is 
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estimated as     40 km. If one assumes  =10 km, and consider natural gasoline,   = 
711.2 kg/m
3
, as the wicking liquid, he/she obtains      5.5 km, which constitutes 55% 
total length of the yarn! 
Carbon nanotubes. Due to their high ultimate strength     = 65 000 MPa 
(Belytschko, Xiao, Schatz, & Ruoff, 2002) and porosity (~95%), these materials can be 
considered as promising candidates for many probing applications. Taking   = 2250 
kg/m
3 
as an estimate of carbon density, the critical length of the empty sample is 
estimated as     58896 km. Assuming  =1000 km, and considering water-like liquids 
with density   = 1000 kg/m
3
, one finds that a yarn made of carbon nanotubes can 
withstand a weight of liquid occupying about      350 km of its length.  
4.3.2 Downward wicking: Stress distribution in the yarn 
The same logic is applied for description of stresses during downward wicking. The 
pressure variation along the wicking column along with the flow kinetics is discussed in 
Sect. 3.2.2. The schematic of flow and accompanying stress distribution are shown in 




Figure 29. (a) Stress distribution along the length of a partially saturated sample. The 
flow is from top to bottom.  (b) The distribution of stresses acting on the fibers. 
The force balance for the dry and wet parts of the yarn are written in the same form of 
eq. 4. 13. The stress at the lower end of the sample, which stays dry until the end of the 
process, is equal to zero. Hence, the following stress distribution holds true: 
      (   ) eq. 4. 24 
Rewriting accordingly the boundary condition for the stress at the point where the 
yarn touches the drop,   ( )   (      (   )), one finds for the average stress in 
the filled part:  
  ( )   (  (   )    (   )). eq. 4. 25 
Thus, the average stress is continuous at the wetting front     ,   (  )  
  (  ). Splitting the average stress on the stress acting on the fibers and the pressure 
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eq. 4. 26 
in the wet part, and 
   
   (   )
(   )
,  eq. 4. 27 
in the dry part. According to eq. 4. 27, the dry fibers in the yarn are always under tension. 
At the front     ( ), the fibers are subjected to the stress jump      (   )⁄ . This 
jump is identical to that found for upward wicking.  At the front     ( ) one has: 
   
   (   ( ))
   
 
   
(   )
, 
eq. 4. 28 
i.e., the stress on the fibers at the front is caused by the weight of the dry part of the yarn 
and capillary pressure. The weight of the dry part always tends to stretch the fibers, but 
the capillary pressure acts to compress the fibers. When the weight of the dry part of the 
yarn is sufficiently high so that the inequality    (   ( ))      holds, the fibers at 
the front are subjected to tension. If the yarn is light and the capillary pressure is greater 
than the weight of the dry part of the yarn, i.e., the opposite inequality    (   ( ))  
    holds, the fibers at the front are subjected to compression caused by the capillary 
forces. When the wetting front propagates further, the tension from the dry part decreases 
even more. 
However, the stress on the wet fibers is not homogeneous, meaning that the 
compression cannot be transferred up to the point where the drop touches the yarn. 
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Indeed, the tension distribution in the wet part of the yarn can be rewritten as    
   (   ( ))
   
 
   (   )
   
 
     ( )⁄
   
. Because of the constraint,        , the first two 
terms on the right hand side of eq. 4. 26 are always positive, while the last term is always 
negative due to the negative y. Therefore, closer to the drop,   0, the weight of the wet 
and dry parts of the yarn becomes more significant and hence the fibers there are 
subjected to tension. 
One can imagine some materials that can diminish the tension upon liquid intake. 
This happens when the stress on the fibers at the front disappears,   (  )   . At this 
moment, the fibers are under neither tension nor compression. Examining eq. 4. 28, one 
can see that the fibers release the tension when the front hits the critical position, 
        (  
   
   
).   
 Conclusions 
In this chapter, an important problem of stress redistribution in fibrous materials 
during wicking experiments was discussed. The mechanism of stress transfer through a 
fibrous network from wet to dry parts of the material was analyzed. A single capillary 
was used as an example to illustrate the effect of capillarity-induced deformations in 
fibrous materials. It was shown that a liquid meniscus is able to build up significant 
longitudinal stresses that are propagated along the capillary, together with the wetting 
front. The existing design of nanoprobes for picking up biofluids from cells or from 
microorganisms is based on multiwalled carbon nanotubes (Freedman et al., 2007; 
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Murday, Siegel, Stein, & Wright, 2009; Schrlau & Bau, 2009). The proposed analysis 
suggests that the tip of these nanotubes is prone to capillary deformations during probing. 
These deformations can be used for feedback control of the probe operation.  
A theory developed for a single capillary is then generalized for yarns. Three 
examples, namely horizontal, upward, and downward wicking, were analyzed to show 
characteristic features of the stress distributions. These examples model the situations of 
cell probing or of capturing aerosol droplets from the atmosphere. In all cases, when a 
wetting liquid invades pores, a spontaneously formed meniscus tends to shrink the wet 
part of the pore walls. Each of the three cases, however, has a different stress distribution: 
the stress transfer from wet to dry part of the sample significantly depends on the 
boundary conditions. The cases when the ends of the yarn are clamped and when they are 
subjected to some tension are analyzed. As shown, in most cases, the stresses in 
nanofibrous materials are distinguishable and significant. Therefore, the proposed theory 
suggests that the process of liquid propagation can be monitored by using the stress-
sensing devices.  
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V. VARIATION OF STRESSES IN 2-D FIBROUS PROBES CAUSED BY 
LIQUID FLOW 
5.1 2-D Probes: Formulation of catenary problem 
The attempt to evaluate stresses on the fibrous matrix in cases of horizontally or 
vertically fixed yarns experimentally faces two main problems: the sensitivity of the 
existing stress sensors and the small deformations, which are usually not visible with a 
naked eye. To eliminate these problems and measure the stresses in the material upon 
liquid wicking, the sample can be suspended freely. The theory behind the deformations 
of the freely suspended sample absorbing liquid from one end is discussed below. 
 Owing to its flexibility, the sample takes on any shape dictated by gravity and the 
changes in the material length are negligibly small. 
 
Figure 30.Freely-suspended chain(a) andfibrous sample(b). 
 In this respect, the material is very similar to a hanging chain sagged under its own 
weight (see Figure 30). The shape of a freely hanging chain has attracted the attention of 
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many prominent scientists, whose thoughts and ideas have been summarized by Jonathan 
Bernoulli (Bernoulli, 2004). Bernoulli derived the force balance equation describing the 
shape of the freely hanging chain. As a solution to his equation he obtained a curve 
known as the catenary. 
This theory was a first demonstration of the strength of classical mechanics, and is the 
foundation for the design of suspension bridges, arcs, and many other engineering 
designs(Flugge, 1973; Gordon, 1978). In applications of the fibrous materials to civil 
engineering, the tents, domes, and other fiber-based constructs are of particular 
importance. Their shapes can be described by the Bernoulli equations. One important 
distinction of fibrous materials, however, is their ability to absorb water and many other 
liquids. Therefore, the drying-wetting cycles cause stress redistribution in the material 
affecting its performance. Below the Bernoulli’s problem of freely hanging fabric which 
is brought in contact with a source of a wetting liquid is formulated and studied. 
Typically, the wicking kinetics is slow, so that at each moment of time the sagged fabric 
assumes a quasi-static shape. 
The main geometrical parameters of the problem are given in previous chapter (Sect. 
3.4.1) and material parameters for numerical estimates are taken from the experiments 
discussed in Sect.6.3.1. 
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5.2 Fabric profile and forces acting on wet and dry parts 
The shape of a fabric freely-suspended between two posts of the equal height   is 
controlled by the weight distribution over the fabric. In the simplest cases, the fabric is 
either completely wet or dry. In more complex situations considered below the samples 
are semi-saturated. In order to find the tensile forces   acting along the sample profile, 
one needs to write the force balance and momentum balance equations as (Landau & 
Lifshitz, 1970)
   
  
      , (  ⃗    )      ⃗ ( )  (          )   , where    is an 
effective tensile force acting at each point of the sagged fabric,    ( )is the linear 
mass density of the fabric,   is the arc length,   is acceleration due to gravity, and   ⃗  is a 
radius-vector emanating from an arbitrarily chosen center of coordinates and directed to 
point  (see Figure 31).  
 
Figure 31.The force balance for an elementary piece of the sample of arclength ds, ρ–g is 
the weight per unit length of the sample,  ⃗ ( ),  ⃗ (    ), are the stresses acting at the 
edges of the element Δs. ⃗⃗ ( ) and  ⃗⃗ (    ), ⃗⃗  ( )are the radii-vectors measured from 
the center of coordinates to the points of force application. 
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The arc length is measured from the point with Cartesian coordinates (   ) where 
the liquid is applied to the fabric (Figure 16). From the momentum balance equation it 
immediately follows that the effective tension is directed along the tangent-vector 
    ⃗    . Therefore, the Cartesian components of the tensile force are written as 
         ,           , where       ( ) is yet unknown magnitude of the tensile 












  ( ) , eq. 5. 1 
where arc length   is defined through the following differential equation. As follows from 
the first eq. 5. 1 and the continuity condition, the x-component of tensile force remains 
constant along the fabric,   
    
     (Landau & Lifshitz, 1970). The arc length   in 
Cartesian coordinates is expressed as 





  . 
eq. 5. 2 
The density of a semi-saturated fabric in the wet and dry parts is a step-function of the 
arc length,  
 ( )          and  ( )         , eq. 5. 3 
where    and    are the densities of dry and wet parts, respectively, and the position of 
wetting front      ( )  is unknown in advance and must be found as a part of the 
solution. Modeling the transition layer separating dry and wet parts as a sharp boundary 
significantly simplifies the problem in question. In this formulation the problem of the 
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fluid flow becomes very much similar to the Stefan problem of phase transition in 
materials science (Balluffi, Allen, Carter, & Kemper, 2005). In this formulation the 
problem becomes well posed. 
Following the analysis of Bernoulli (Bernoulli, 2004) and Freeman (Freeman, 1925),  
and integrating the second eq. 5. 1, the famous catenary equations describing the profiles 
of dry and wet parts of the fabric can be obtained: 
   
  
   
    (
   
  
(      
 ))      
  , or           (
      
 
  
)      
 , 
      , 
eq. 5.4 
where (    
      
  
  
   
)are the coordinates of catenary minima. A natural length scale 
for a catenary is given by the following ratio 
       
 g.  eq. 5. 5 
This ratio determining the fabric profile is called the shape factor. Taking advantage 
of the explicit form of catenary equation, one can find the tensile forces acting along the 
dry and wet parts of the fabric. These forces are expressed as:  
     
  
  
          (




eq. 5. 6 
where eq. 5. 2 was used to calculate      . In eq. 5. 6, the forces acting in the dry area 
are calculated using       (  ) , while the forces acting in the wet area are 
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calculated using   (  )    (  )     . Hyperbolic cosines can be expressed from 
eq. 5.4, yielding the following equations for the forces 
      (       
 )and        (       
 ). eq. 5. 7 
Therefore, the total force acting on each cross-section is linearly proportional to its 
vertical coordinate and a coefficient of proportionality is related to the linear density of 
the sample at this point. The unknown parameters    minx      
  can be found from the 
boundary conditionsand the front position s
*
 is obtained by numerical integrating the 
kinetic equation as discussed in Sects. 3.4.2 and 3.4.3.  
The corresponding equation for the pressure in the moving liquid column derived 
inSect.3.4.2 (eq. 3. 14) is       [        (    
 (  ))]          
 
 (     ( )) .  
The parameters of the material such as porosity, pore size, permeability and linear density 
used for the calculations are given in Table 4 of Sect. 6.3.1. The wicking liquid in the 
model is water.  
5.3 Iteration method 
As it was shown in the previous section, the profile of the freely sagged sample is 
described by two catenaries joined at the wetting front ( (  )  (  )),    
      ((      
 )   )      
 , where the   - coordinate spans the interval     
 (  ) for the dry part; and the interval   (  )      for the wet part. To define the 
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sample shape, six unknown parameters must be determined:  ,     
 ,     
  and the x-
coordinate of the wetting front,  (  ). 
Relation between  . The force balance (eq. 5. 1) suggests that the horizontal 
component of the tensile force acting at each cross-section remains the same along the 
dry and wet parts of the sample. It follows from eq. 5. 5 that the ratio of shape factors 
reads  
              , eq. 5. 8 
where   is measured in the experiment. This ratio gives us one equation connecting two 
unknowns,   . 
Determination of     
 . The coordinates of the ends of the sagged sample are known, 
hence     
  are expressed from the catenary equation as  
    
          (
      
 
  
), eq. 5. 9 
    
          (







giving two more equations connecting the unknown parameters.  
 
Relation between    and other unknown parameters. The arclength specifying the 
wetting front    is given by kinetic equation (eq. 3. 12). If S is the total length of the 
suspended sample, then the length of the dry part is      and the integration of equation 
 2/1 dxdydxds  gives for the wet part of the sample: 
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      (    (
      
 
  
)      (




eq. 5. 11 
and for the dry part the integral is written as 
        (    (
 (  )     
 
  
)      (
     
 
  
)). eq. 5. 12 
Continuity condition at the wetting front     . The catenaries describing the wet 
and dry parts of the sample continuously merge at the wetting front. This continuity 
condition provides three equations: 
_
( *) ( *)
/ /
x s x s
dy dx dy dx   and   (  )  
  (  )   (  )   (  )    (  ) Calculating the derivatives, one obtains  









The last equation closing the system is the equation   (  )    (  ) expressed in 
terms of the catenary as 
      (
 (  )     
 
  
)      
        (
 (  )     
 
  
)      
 . 
eq. 5.14 
The problem of liquid invasion is quasi-static and can be split into a series of distinct 
sample profiles. Each profile describes the sample configuration at a particular front 
position, which is obtained from the kinetic equation. In the initial step, each following 
profile is derived by a perturbation of the previous profile and then corrected on the 
second step.  
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5.3.1 First step: First approximation 
The system of transcendental equations was solved numerically using the iteration 
method. As the initial step of the iteration procedure, the catenary parameters of the dry 
sample setting      are defined. Here, the initial profile is symmetric and is defined by 
three parameters: the shape factor     and the two coordinates of the lowest point of the 
profile (    
      
    ).When the front propagates deeper in the sample and the profile 
is no longer symmetric, a dry part of sample obtained during the previous step is 
perturbed. The corresponding profile of the wet part was calculated with the parameters 
of the dry part and the known front position. The perturbed profile was defined as 
    
         
 ,  (  )   (  )          
 ,         
 , where  (  )     is a 
coordinate of the front and equals to   at the very first step (Figure 32a). For the wet 
part of the sample one has the following relations between parameters:       
 , 
    
   (  )  
  
  
( (  )      
 ) and     
      
  were found from eq. 5. 9 and eq. 5. 
10. Therefore, as soon as     
     and   
  are known, the problem for the two catenaries 
considered solved. 
The unknown perturbations     
 ,   ,   
  can be set as the functions of the 
perturbation in the wet part of the sample  :     
      
       
   ,            , 
  
    
     
   , where the coefficients     
 ,     
 ,   ,   ,   
 ,   
  were obtained 




Figure 32. (a) Introduction of small parameters  , * , min . The initial profile of the 
sample (upper curve) and a perturbation of its dry part (lower curve) due to invasion of 
liquid column of length δ. (b)The profile of the perturbed sample (dashed line) and its 
refinement to obtain the sample shape. 
Separating the terms proportional to   and   , unknown coefficients     
 ,     
 ,   , 
  ,   
 ,   
  are obtained. Small parameter   was found from the kinetic equation at each 
iteration step representing the difference between the current and previous front positions, 
    (  )   
 (    ) At the very first step of the iteration process, δ was found from 
the Lucas-Washburn equation (see Sects 3.4.2, 3.4.3 for more details). Since     
 ,     
 , 
  ,   ,   
 ,   
 are known, the values of   ,     
 ,     
 ,  (  ) were calculated.  These 
values were considered as a first approximation that requires an improved accuracy, 
which was refined during the second step. 
5.3.2 Second step: Refinement 
The parameters    ,     
 ,     
  and     
  can be expressed through   ,     
 , (  ). 
To define the precise values of   ,     
 , (  ), the method of least squares can be 
applied. The height H (eq. 5. 10), the length of the wet (eq. 5. 11) and dry (eq. 5. 12) 
parts are expressed as functions of three variables   ,     
  and (  ), and subtracted 
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them from the exact values. The goal is to obtain new parameters to minimize the sum of 
the square differences: 
(  (      (
     
 
  
)      
 ))
 
 (     (    (
      
 
  
)      (





 (       (    (
 (  )      
 
  
)      (





   
eq. 5.15 
Using standard Mathematica 6.0 subroutine and the rough estimates obtained at the 
first step as initial guesses, one finds the values of   ,     
  and (  ), minimizing eq. 
5.15.  The rest of the unknowns,     
 ,     
 ,    ,     
 , can be found  from eq. 5. 8 - eq. 
5. 10 and eq. 5.13. The highest error obtained during calculations of  ,    and      
with new values was on the order of 10
-11 
m. When profile of the partially wet sample 
was completely defined, the dry sample was set as initial configuration for the next 




Figure 33.The theoretical profiles over-imposed on the experimental configurations of 
the strips of paper towel. The pictures are taken at different time moments t when the 
wetting front s
*
moves along the sagged sample. The front position is measured in 
fractions of total sample length S. The upper rows show the front position in the mirror. 
Wet part is shown as a dashed line, dry part as a solid line. 
Thusly, a steady-state problem can be resolved for any level of the sample saturation. 
As shown in Figure 33, the proposed model predicts the 2-D shapes of the samples 
quite closely. In the experiments, the wicking front was moving from the right to the left 
ends. 
5.4 Dynamics of fabric sway 
As follows from the transcendental equation for the shape factor,   (  )  
    (     ), if the geometry of the experiment is identical for the heavy and light 
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samples, i.e. parameters       are identically maintained, the sample profiles will also 
be identical. Though these profiles are completely described by a single shape factor  , 
the tension on these materials is different. This is the fundamental property of catenaries: 
heavy chains and light yarns of the same length would acquire the same configuration. 
Therefore, if liquid wicks into the hanging fabric from one end, the profile changes, but 
the final configuration of the wet fabric is the same as the initial dry configuration.  
Since the wet part of the sample is always heavier than the dry part, one would expect 
that the liquid wicking would cause the sample deflection toward the post that supports 
the liquid source. A numerical analysis of the sway of a fabric fixed between two posts of 
the equal height is conducted. The geometry is chosen as discussed inSect. 6.3.1. A 
numerical analysis of the model shows that the longer is the wet part of the sample, the 
larger is the deviation of the sample profile from its initial symmetric configuration.  The 
sample swings back to restore its initial symmetry when the wetting front passes the 
profile minimum (         ). The calculated phase portrait (         ) is shown in 
Figure 34a.  The profile of a partially wet fabric is specified by the ratio of linear 
densities of the material in the dry and wet parts expressed as            . This ratio 
defines the size of the hysteresis loops, generated in the XY-plane. Moreover, this ratio 
defines the sway of the sample from its symmetric configuration (Figure 34 a, b). The 
analysis of the Bernoulli model reveals that the heavier the wet sample, the less is the 
length of the wet part of the sample,   , at which the sample begins to restore its 
symmetry. Also, the heavier the liquid, the greater is the sway of the sag. 
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The dependence of the fabric sway on its length   is shown in Figure 34c and d. The 
longer the sample, the bigger its sway. Moreover, the length of the wet part 
corresponding to the moment when the fabric starts to sway back, increases together with 
the fabric length.  
Summarizing the modeling results, one can conclude that the heavier the liquid or the 
longer is the sample, the greater its deflection from the initial profile during wicking 
experiments. However, the heavier the liquid, the faster it will bring the sample to its 
symmetric configuration. Conversely, however, the longer samples would require the 
longer wet part to reverse the sample movement. 
 
 
Figure 34. (a) Position of the sample minimum during the wicking experiment. The 
upper branches correspond to the downward wicking, while the lower branches 
correspond the upward wicking. The corresponding ratio of linear densities of the 












=2 (3). (b) x-coordinate of the minimum of the sample profile plotted versus the position 
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of the wetting front. The corresponding ratio of linear densities of the material in dry and 












=2 (3). (c) x-
coordinate of the minimum of the sample profile plotted versus position of the wetting 
front s
*
 along the sample, normalized by sample length L. The graph shows the results for 
three samples with different lengths: S1:S2:S3=1:1.5:2. The longer the sample the longer 
is the wet part  ̅ required to change the direction of the sway. (d) Horizontal position of 
the minimum of the sample profile plotted versus normalized front length  ̅ . The graph 
shows three experiments with samples of different lengths: S1:S2:S3=1:1.5:2. The front 
position along the sample is normalized by the length of the shortest sample S1. Dashed 
line shows the shift of xmin due to increase of the sample length. 
5.5 Tensile forces in the freely-suspended samples 
5.5.1 Force analysis for dry and wet samples 
The shape of the freely-sagged sample contains valuable information about forces    
acting along the sample profile, eq. 5. 7. Recall that these forces are tangential to the 
sample profile and their magnitude is proportional to the vertical coordinate    of the 
cross-section in question, eq. 5. 7. The coefficient of proportionality depends on the 
linear density of the sample   , and the total tensile force at each cross-section consists 
of two components,   
    
 . To describe the force change along the sample profile, one 
can discuss the behavior of vertical,   
   and horizontal,   
   components separately.Here 
and further all considered stresses are perpendicular to the sample cross-section and the 
orthogonality index is omitted. 
For a reference, consider the distribution of forces acting upon the dry sample with a 
constant linear density of    (Figure 35a). As follows from eq. 5. 1, the derivative of the 
x-component is zero,    
      , therefore implying a constant in this force component 
  
       . This constant is equal to the total force   (         ) acting at the lowest 
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point of the sample profile, M(         ). The vertical component   
  depends upon s,  
   
       . To find   
  acting at point P(     ) one should consider the free body 
diagram shown in Figure 35b.  Forces      and       act at the end-points of the piece of 
fabric shown in Figure 35b. The weight of the segment MP, ⃗⃗  ⃗  , is applied to the center 
of mass of this segment MP and is directed downward parallel to the y-axis.  If     is a 
linear density of the dry sample, then the weight of MP is ⃗⃗  ⃗    
 (       ) ⃗, where 
     and    are the arclengths of points M and P, respectively. The force balance is 
written as   
 (     )   
 (         )        
 (     )  | ⃗⃗⃗   |   
 (       ) . 
Therefore, the vertical force component   
 (     ) acting at point P is equal to the weight 
of the segment MP. If point P is closer to the left post        , then this force is written 
as   
    (       ) . The same results can be obtained by integrating the force 
balance eq. 5. 1,          , over the segment MP. 
For completely wet and dry samples the distribution of tensile force normalized by 
the sample weight is identical,        (       
 ). However, the stresses 
experienced by fibers in the wet and dry samples differ. In the case of the completely wet 
material the pressure in the liquid is         (   
 ). Substituting this pressure in eq. 
2. 6, one sees that the tension on the fibers differs greatly from the force acting upon the 
catenary as a whole. In Figure 35c it is shown the tensions acting upon the fibers along 
the dry and wet catenary. In the absence of capillary pressure in the liquid, the hydrostatic 
pressure in the liquid column acts to stretch the fibrous matrix. This extra tension 
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increases from the liquid source to the saddle point of the sample profile and, as a result, 
the tension on fibrous skeleton remains almost constant Figure 35c. 
 
Figure 35.(a) The tensile force ̅ , and the horizontal  ̅ 
 and vertical components  ̅ 
 , act 
along the profile of a completely wet/dry sample, normalized by the weight of the sagged 
part sample ρ
±
gS. (b) Sample with uniform weight distribution. M is the lowest point of 
the profile. P is an arbitrary point.  Insert: free body diagram for segment MP. (c) 
Tensions experienced by fibers in completely dry  ̅ and completely wet  ̅  samples and 
pressure in the liquid in a completely wet sample   ̅̅ ̅    (   ) are normalized by 
ρ
±
gS/  . Allparameters are taken from Table 4. 
5.5.2 Horizontal force component 
A partially wet catenary adjusts its shape so that the forces acting along it would 
satisfy two conditions: a) the horizontal component of the tensile force in wet and dry 
parts should be equal to each other   
 (  )    
 (  ); and b) at the wetting front, the 
forces change continuously without any jump,   (  )    (  ). The a-condition 
immediately provides a relationship between the shape factors,    
                 
=       The horizontal component of the tensile force is the same at each cross-section 
and increases continuously as the front propagates through the sample Figure 36d.  
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5.5.3 Vertical force component 
As shown in Sect.5.5.1, at arbitrary point P, the vertical component of the tensile 
force in completely dry or wet samples is defined by the weight of the MP - segment, 
Figure 35b. Assuming that points M and P both belong to either the dry or wet parts of 
the sample, as in cases ii) or iv) in Figure 36a, one can integrate eq. (3) to prove that the 
same conclusion is valid for a partially wet sample,   
 (     )  | ⃗⃗⃗   |. In these cases, 
  
 (     )   
  |       | is applicable. The modulus makes the definition universal 
independently of whether        or        .  
When the front marked by F( (  )  (  )) passes point P but does not yet reach point 
M, as in Figure 36a iii), the integration of eq. 5. 1 must be undertaken with a care. In this 
case, the catenary segment MP is partially wet (Figure 36b). The force balance can be 
written for dry part MF and wet part FP, separately: For part MF one has 
  
 ( (  )  (  ))    (         )        
 (     )   
 (      
 ) ; and for part FP – 
  
 (     )    
 ( (  )  (  ))       
 (     )    
 (     )   
 (     ) . Substituting 
force   
 (     )  from the fist line, the force balance is rewritten as   
 (     )  
  (         ),   
 (     )   
 (      
 )    (     ) . Again, the y - component 
of the force is equal to the weight of the segment MP. If        , one has for a partially 
wet sample   
 (     )   
  (       )   
  (    
 ). When the front propagates 
through the sample, the arc length      of point M changes (see Figure 36c). If the 
segment MP is either completely wet or dry, this change of        is the only reason for 
an alternation of the vertical component of the force acting at point P. As the liquid 
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moves deeper into the sample, the material becomes heavier and alters the vertical force 
component. As an example, the changes of the vertical force component acting at 
 (     )        are shown in Figure 36d. 
 
 
Figure 36. (a) Change of the relative position of the lowest point M and test point P of 
arclengthsp = 0.3 S during wicking experiments. (b) Schematic of the sample profile 
when the segment MP is partially wet; the dashed line shows the wet part. (c) Change of 
the arclength of point M,  ̅   =smin/S, as a function of the arclength of the wetting front, 
 ̅ =s*/S.(d) Change of vertical  ̅ 
  and horizontal  ̅ 
 components of the tensile force 
acting at the point sp = 0.3S. Region (A): s
*
/S < 0.3, region (B): 0.3 < s
*
/S <smin/S, region 
(C): s
*
/S >smin/S .(e) Variation of the tensile force ̅, acting at the points sp= 0.3 S (1), 0.7 
S (2) and 0.5 S (3). The dashed line shows the distribution of horizontal force 
component  ̅ 
 . Insert shows the magnified portion of curve 3 at the region, where the 
vertical force  ̅ 
  corresponding to s
*
 = 0.5 S is the greatest.All force values are 






5.5.4 Total Force 
The total force    acting on the sample cross-section can be expressed as    
√       . While identical results can be obtained using eq. 5. 7, the representation 
   √         is more illustrative. Figure 36e shows a typical behavior of the tensile 
forces acting at   =      ,      and      .  At the initial and last stages of the wicking, 
the tensions in the sample cross-sections located at the opposite sides of the sample are 
almost equal. As the weight difference between the sample segments in question is small, 
this equality occurs when the liquid just enters the sample and passes the second cross-
section when the sample is almost filled. The tensile force acting on the cross-section 
located in the half of the sample length is almost defined by its horizontal component. 
The further the deviation of the cross-section from the initial symmetrical position, the 
higher the weight between the lowest point M and this cross-section becomes, with a 
consequent higher vertical component of tension (see Figure 34a, Figure 36e). When the 
sample reverses its motion towards the symmetrical configuration, the vertical force 
component decreases and the total tension again is almost equal its horizontal component. 
5.6 Elasto-capillary effect in partially wet catenary 
5.6.1 Elasto-capillary effect in freely suspended samples 
When the sample is suspended freely, the value of the force F acting at each sample 
cross-section can be extracted from the shape of the sample profile for both wet and dry 
parts of the sample (see eq. 5. 1) As discussed in Sect. 5.5.1, in the dry part of the 
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sample, this force distributes over the fibrous mesh of the loaded cross-section, whereas 
in the wet part, the fibers share the load with the filling liquid. eq. 2. 5 and eq. 2. 6 can be 
re-written to give       (    ) (   (   ))    (   
 )    (   ), provided that 
the pressure is equal to zero,   (   
 )   , in the empty part of the sample. 
 
Figure 37. (a) The distribution of tensile force F
±
, acting upon the sample cross-section 
along the sample length (calculated using eq. 5. 1), s
*
/S=0.3. (b) The distribution of 
tensile force F normalized by the total fiber area   (1-ε) for samples saturation level 
s
*
/S=0.3.(c) Pressure distribution in the liquid column of length s
*
=0.3S filling the 
sample. The pressure at the source (x=D) equals to zero atmospheric pressure and the 
pressure at the front (x=x(s
*
)) equals to the capillary pressure. The size of the effective 
pores is taken to be Rp=152 μm. (d) The distribution of stresses T
±
 exerted on fibers 
along the sample and pressure distribution in the liquid column. The arrow indicates a 
pressure drop on the liquid front. 
For the wet part of the material the pressure in the liquid column can be rewritten as 
             
    
 
 (     ( ))(       ) (eq. 3. 14). This pressure decreases 




is experienced by fibers, the wetting liquid always acts to compress the fibrous mesh. The 
strongest compression occurs at the wetting front and depends on the capillary pressure 
build in the pores of the material. Therefore, the stressed state of the fibers in the wet part 
of the sample is the result of tension interplay caused by the weight of the sample 
stretching the fibers and compression caused by the capillary pressure. In the dry part of 
the sample, the fibers are always under tension. Figure 37d shows the tension 
distribution in a partially wet sample with           for a geometry given in Sect. 6.3.1. 
∆ is a reduction of the tension on fibers at the moving front. One can see that the wet 
fibers experience a transition from tension at the suspension point to compression closer 
to the wicking front.  
 
5.6.2 Evolution of stresses with front propagation 
Figure 38a shows the dependence of the normalized average stress  ̅    on the 
vertical coordinate y of the sample cross-section,         . The stress has two 
distinct regions. A sharp change of the slope indicates a transition from the wet to dry 
part. As the figure shows, the average stress in the wet part increases as the wetting front 
propagates into the sample. In the dry part, the average stress remains nearly static. This 
behavior is similar to the downward wicking for which this graph is plotted into the 
vertically placed yarn (Monaenkova & Kornev). 
With the given analysis of the affective stress  ̅  , one can apply eq. 2. 6 to obtain 
the stress distribution in the fibrous matrix, Figure 38b. The stresses on the fibers in the 
dry part are always tensile, and the stresses on the fibers in the wet part are lower, 
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because the liquid supports the load. Because of an additional capillary pressure, the 
fibrous matrix in the wet part can be partially under tension and partially under 
compression (see Figure 38b). As expected, an addition of a heavy liquid increases the 
load on the fibrous matrix. 
 
 
Figure 38.Change in the stressed state of the sample cross-section with flow propagation 
(a) in terms of normalized effective stress, (b) in terms of tension acting on the fibers. 
Both stresses are normalized by the weight of the dry sample ρ
–
gS over its cross-section 
  . The front position is shown with a red dot. Different colors correspond to different 
front positions shown on a legend. The vertical coordinate y changes from point of 
fixationH to the profile minima, which slightly shifts up during liquid penetration. 
 
5.6.3 Estimates of elasto-capillary effect 
As soon as the sample profile is known, the tensile forces F
±
 acting on each sample 




Thus, the tensions hidden in the straight samples during wicking experiments are 
manifested through deformations of the sagged samples. These deformations enable an 
estimation of not only the internal tensions, but also the elasto-capillary effect, since the 
capillary pressure is known. By simply combiningeq. 2. 5, eq. 2. 6, eq. 5. 6, eq. 5. 7 and 




can be obtained Figure 37 
illustrate this stress analysis. 
As was discussed above, the fibers in the tested samples were densely packed to 
prevent buckling caused by the elasto-wetting effect. However, by tracking the change of 
the sample shape, it is possible to estimate the reduction in tension on fibers caused by 
the elasto-capillary effect. For example, for the experimental parameters given in the 
Sect.6.3.1 the maximum tension experienced by the fibers was approximately 9 KPa and 
was equal to the force acting at the minimum of the sample profile when the sample is 
completely wet. The maximum tension difference,       (   ), caused by elasto-
capillary effect during water wicking was estimated as  = 9.58 KPa. The lightweight 
materials such as paper towels will almost always experience a transition from tension to 
capillarity induced compression. Figure 37 shows the tensile stress b, the pressure 
distribution in the liquid column c and the tension on the fibers d when the liquid column 
reached           . The wet part of the sample experiences a transition from tension to 




Figure 39.(a) Application of a hexadecane dropletto the freely-suspended PVDF 
nanoweb.(b) Nanoweb collapses due to the elasto-capillary effect. 
The significance of the capillary effect can be illustrated on experiments with freely 
suspended electro-spun nanowebs (see Figure 39a). Varying the density of nanofibers in 
the web, one can significantly decrease the weight of electrospun mats. In Figure 39, one 
sees a web made of polyvinylidenedifluoride/polyethylene oxide (PVDF/PEO) fibers 
with 0.5 – 2 μm diameter. The web porosity is 0.83 and its thickness is comparable with 
the nanofiber diameter. When the drop of wetting liquid (hexadecane) is applied to the 
nanoweb, the capillary compression overcomes gravity and causes materials to fold on 
itself (Figure 39b).  
5.7 Conclusions 
 
In this chapter, the elasto-capillary effects in fibrous materials were discussed and the 
Bernoulli problem of a freely hanging fabric when one end is brought in contact with a 
wetting liquid was analyzed. The evolution of tensile force acting on the fibers during 
wicking experiments was analyzed. It was determined that the elasto-capillary effect can 
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be distinguished from other deformation effects, because the stress distribution in 
partially wet fibrous materials has a peculiar form with a jump at the wetting front. The 
Bernoulli problem of a freely sagged fabric appears to be instructive and helpful for 
understanding the tension distribution in a 2D self-reconfigurable material. It was 
confirmed that the elasto-capillary effect in paper towels and similar flexible light weight 
materials is significant.  
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6.1 Elasto-capillarity: Proof of concept 
6.1.1 Fiber breakage 
As discussed in the previous chapters, in porous materials, saturated with a wetting 
liquid, the stresses acting on the samples are distributed over the sample skeleton and 
impregnating liquid. If the liquid is wetting, the fibers in the saturated material bear less 
stress than the fibers of completely dry material subjected to the same loading provided 
that the gravity plays no role. Thus, if the wet sample is attached to a completely dry 
sample and subjected to a loading, the fibers in the dry sample would experience a greater 
tension. In experiments on the yarn extension, this effect implies that the dry yarn would 
fail first, since the fibers would reach the ultimate strength earlier than those in the wet 
yarn. To test this hypothesis, the experiments on the simultaneous elongation of two 
cotton yarns (diameter 300±20 μm, porosity 0.65) one of which is partially wet was 
performed. Two yarns were placed parallel to each other with one end fixed and the other 
end attached to the micromanipulator (Linear stage VT-21, MICOS USA, CA). The 
length between fixation points is 2.5-2.7 mm. As follows from the estimates, if the drop 
of volume V was placed on the yarn of radius r, it will completely saturate it if the yarn 
length l is smaller than l <V/r2.  According to these estimates, a microliter drop (~0.04 
µl) of hexadecane was applied to one yarn and the experiment was started after the drop 
disappearance. The micromanipulator was set in motion (0.5-2.5 mm/sec) to stretch the 
yarns continuously and the process was recorded with a high speed camera (Motion Pro, 
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Red Lake, IDT, FL). The captured movies were analyzed to reveal which yarn broke first. 












6.1.2 Tensile experiments: Paper towels 
The stresses experienced by fibers in wet materials significantly depend on the 
capillary forces acting in material pores: the smaller the pore radius the greater is the 
capillary contraction of the pores. Thus, the smaller is the size of the pores bearing the 
liquid, the larger is the capillary jump experienced by the fibrous matrix in tensile 
experiments. This hypothesis was tested in a series of experiments with paper towels 
(Mardi-Gras White, 709-2 Ply sheets, 22.3 cm x 27.9 cm, Georgia-Pacific Consumer 
Products). 
Figure 40. (a) Experiment on the yarns breakup: two yarns are fixed parallel (top). Top 
yarn is dry, the bottom one is wet. Result of the experiment (bottom): top yarn broke 
first. (b) Experimental statistics in percent.  Experiment 1: the top yarn is wet.  
Experiment 2: the bottom yarn is wet. Blue part of the chart represents the cases when 















6.1.2.1 Sample preparation: Proof of concept 
The fibrous material can be modeled as a bundle of capillary tubes with different bore 
radii   . When an assembly of capillary tubes is attached vertically to the pool of liquid 
(Figure 41a), the liquid is forced to fill the tubes due to the capillary action. According to 
the Jurin law of capillarity (eq. 1. 7), the liquid rises to the equilibrium height   , defined 
by the equation            , where   is the surface tension of the sucrose solution,    
its density, and g the acceleration due to gravity. Therefore, at height   , pores larger 
than                 are empty, while pores smaller than       are filled 
(Figure 41b). The capillary pressure holding liquid in the pores at height   is estimated 
through the Laplace equation (eq. 1. 3)               . Thus, at different heights 
the saturation level of the fibrous sample with different pore sizes should vary, as well as 
the capillary pressure acting on the material matrix at different heights. Since water is one 
of the heaviest liquids, the aqueous solution was used in experiments. The heavy liquid 
gives the more prominent weight difference in wetted samples with different saturation 
levels.   
A 0.03-cm thick paper towel (Kleenex Viva paper towels) was cut in strips of 
different lengths, and wetted in 25% aqueous sucrose solution (surface tension of 
solution:   70 mN/m measured on Kruss DSA). Individual strips were removed, shaken 
to remove excess fluid, and wrapped in polyethylene film to restrict evaporation. The 
wrapped strips were hung over flat 2.5- x 7.5-cm
2
 stages at heights ( ) of 5, 10, 15, 20, 
25, 30, 35, and 38.5 cm, with their exposed ends submersed in a dish of the sucrose 
solution (see Figure 41a).  
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After 16, 18, and 42 hrs, the films were removed and samples were cut (4.0 x 2.5 
cm
2
) and weighed to determine saturation level and time to reach equilibrium. After 16 
hrs, equilibrium was reached, which was based on the observations of stabilization of the 
paper towel weight; subsequent tests used 16-hr strips. Weighing the partially wet ( ), 
completely saturated    , and dry samples    , the resulting saturation (or relative 
liquid content) of the towel at each  was calculated as    ( )  ( ( )      ) 
(         ), where  was the sample weight. The liquid fraction gradually decreased 
as the stage height increased (Figure 41c). To confirm that the measured liquid content 
was independent of size of the sample piece, we cut 2.0-cm x 2.5-cm pieces and observed 
that the liquid fraction was approximately the same (± 5%). The change in saturation 
levels supports the hypothesis of uneven effective pore saturation at different heights. 
Figure 41d shows that the material saturation level stays unchanged from 16 to 42 hours. 













Figure 41. (a) Experimental set up: paper towels suspended at different heights,(b) 
Schematic of the liquid content in the pores of the paper towel. Frame color corresponds 
to the heights shown on the figure (a),(c) Relative liquid content with respect to the 
sample fixation height, (d) The variation of the saturation level in long-time experiments. 
 
6.1.2.2 Capillary effects in paper towels 
Water evaporates sufficiently fast, hence we used hexadecane with low vapor 
pressure in our experiments. Hexadecne was chosen as a wetting liquid due to its low 
surface tension (Gennes, Brochard-Wyart, & Quéré, 2004), low vapor pressure and weak 
       
 
 
   




























































interaction with cellulose based towel (Mantanis, 1995). A paper towel was ruled in 12 
horizontal stripes of 2 cm in width, suspended vertically and one its end was submersed 
in the vessel full of hexadecane (Figure 42a) After 2 days three samples of 2 cm in width 
and 3.5 cm in length were cut at each level, Figure 42a.  The IR-analysis (Thermo 
Nicolet MAGNA-IR 550 Series Spectrometer with Nicolet Nic-Plan Analytical IR 
Microscope) confirmed the presence of hexadene at the top-level stripe (height 24 
cm)saturated after18 hours of the liquid wicking in the material (Figure 42c). 
The stripes were tested in tensile experiments (Instron 5582 
Tensile tester) in order to find a stress applied by the machine to the material at 1% of a 
strain. The results are shown in Figure 42b. The prediction of elasto-capillary theory is 
as follows: in partially wet materials the load is carried not only by the fibers, but also by 
the saturating liquid, to reach the same level of strain in the wet material one has to apply 
higher stress value comparably to the dry material, since a part of it will be relaxed due to 
the liquid presence. The applied stress will depend on the capillary pressure, which varies 
with the height according to the Jurin concept (Sect. 6.1.2).Thus, the higher the level 
from which the sample was cut, the greater should be the capillary forces in the material 




Figure 42.(a) Experimental set up: paper towel is suspended vertically with the bottom 
edge inserted in a vessel with hexadecane. Insert: Sample clamped between the grips of 
Instron machine. (b) Stress to stretch the sample to 1% as a function of saturation level. 
Region 1: Oversaturated sample. Region 2: Intermediate level of saturation, low capillary 
stress on fibers, most likely, liquid acts as a lubricant to disentangle the fiber mesh and 
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break the mesh where the fiber knots are loose, Region 3: Large capillary stress, strong 
fiber entanglements in the mesh. Increase of the tensile stress due to the predicted effect. 
The dashed line shows the stress at 1% of the the strainof the dry sample. (c) IR sectra of 
dry and wet paper towels. 
This effect was confirmed in experiment with the samples taken from the heights, 
where the size of the filled pores reached tens of microns (see Figure 42b, Region 3) 
with the corresponding capillary pressure    5.6 MPa’s for hexadecane. On the lower 
heights, the material was either oversaturated so that the capillary stress was 
insignificant; or the liquid was acting as a lubricant supporting the disentanglement of the 
fibrous matrix (Figure 42b, Regions 1 and 2 respectively). 
6.2 Conclusions 
Two series of experiements were performed to reveal a significance of elasto-
capillary effect if fibrous materials. When dry and partially wet yarns are subjected to 
identical extension, the dry yarn experiences higher stresses and fails first. A partially wet 
yarn, where the stresses are relaxed due to the liquid presence supports its integrity longer 
and fails at the higher extension than the dry one. In the second series, the tensile 
experiments were performed on saturated paper stripes with pores of particular size filled 
with a liquid.  It was shown, that due to stress relaxation in the saturated materials, one 
has to apply higher stress to stretch saturated samples comparing to the stress in the dry 
material. It was also shown that the elasto-capillary effect is detectable in experiments 
with materials with pore sizes in the range of 100 microns and less, where the capillary 
compression is the highest.  In the materials with larger pore size the elasto-capillary 
effect is concealed either because of the material oversaturation or lubrication effect 
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induced by the liquid. The materials with the pore sizes less than 100 microns are 
important for many applications related to liquid absorption and transport. The materials 
engineer should account for elasto-capillary effect depending on the application, because 
changes mechanical properties of the material, as well as may cause the undesirable 
deformations as it was shown in pevious chapter. 
6.3 Material characterization in experiments with freely-suspended samples 
The elasto-capillary effect was studied in experiments with freely suspended fibrous 
samples. This chapter provides the details of the experiment and material 
characterization. 
6.3.1 Catenary: Experimental setup 
A fibrous specimenwas held between two stationary posts of equal height (Figure 
43). Geometry of the sample (length of the sag  , thickness   and width  ), its material 
parameters (porosity  , permeability k, effective pore radius   , the ratio of the material 
linear densities in the wet and dry states ρ  ρ ) and set up geometry (posts height   and 
distance between posts ) are summarized in Table 4.  Each end of the specimen was 
firmly sandwiched between two glass slides to prevent slipping. One end of the specimen 
extending from under the glass slides was immersed into a vessel with a wetting liquid 
(water) and absorbed liquid. The free surface of the liquid in the vessel was maintained at 
the same level by increasing the amount of liquid to replace that wicked into the material. 
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In order to observe the wetting front, a mirror was installed above the sample. Owing 
to the optical contrast, the front position was well distinguished: the dry part was much 
brighter than the wet part. The sample profile (side view) and the mirror reflection of its 
upper surface were captured by a monochromatic camera (Diagnostic Instruments Inc., 
MI) at each step of the wicking experiment. A ruler and the reference lines drawn on the 
sample with 1 cm spacing were used as the references, and all parameters were measured 
directly from the camera snap shots using ImageJ software (NIH). 
 
 
Figure 43.Experimental set up for the wicking experiment on freely suspended paper 
towels. 
 
Table 4. Characteristics of samples used in experiments 
S,  cm D, cm H, cm h, µm w, cm         k, D Rp µm 





In the experiments on the freely-suspended sample the choice of the liquid/solid pair 
is critical because it defines the sag sway upon liquid wicking. The higher the density 
ratio of the wet material to the dry material, the more the sag sways away. Water is 
heavier than the common oils and it was chosen as the working liquid. 
The paper towels (Mardi-Gras White, 709-2 Ply sheets, 22.3 cm x 27.9 cm, Georgia-
Pacific Consumer Products) were chosen because of their high porosity and light weight. 
In these materials, the fibers were densely packed, and no significant changes of the 
sample sizes upon wetting were observed. Specifically, deformations of wet specimens 
upon swelling and extension did not exceed one hundred microns. Therefore, on the 
scales of tens centimeters, the specimens are considered non-extendable. As the liquid 
wicked into the material, the changes of the specimen profile were mostly governed by 
gravity. 
6.3.3 Porosity 
Prior to the wicking experiments, a piece of dry sample was cut, pre-weighted, and 
the geometrical parameters were measured. The sample thickness   was measured by 
sandwiching the sample between glass slides; the sample width and length was measured 
with a ruler. Using the measured parameters, the surface area    of the sample was 
calculated. The sample was soaked in water until completely saturated, removed from the 
water reservoir, left vertically hanging for few a moments to let the droplets drip and 
weighed again. The sample porosity was obtained by using the following formula:  








are masses of dry 
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and wet samples respectively, and  l is water density. Using this procedure, the linear 
densities of dry and wet samples were measured and the following values were obtained 
  =5∙10-4 kg/m and   = 5.27∙10-3 kg/m. Then the total weight of the dry 17 cm long 
sample was estimated as     = 0.085 g and the wet one as    = 0.895 g. Finally, using 
these parameters, the porosity of the sample was estimated as  = 0.91.  
After comparison of the experimental data with the theoretical predictions, it was 
assumed that porosities are identical for wet and dry parts of the sample. The fibrous 
network change upon liquid invasion was neglected and the ratio of pore volume to the 
material volume was set to be the same for dry and wet parts of the material. 
6.3.4 Capillary Flow porometer 
As shown inSect.3.4.2, the pressure governing the flow through the freely-suspended 
sample consists of two parts. One is a hydrostatic pressure, dictated by the shape of the 
sample. Another is a capillary pressure, which depends on the effective pore radius in the 
material, Rp. The capillary flow porometer (CFP-1100-AEXS, Porous Materials, Inc.) 
was used to obtain the initial estimates of the pore size Rp in the material. Bubble point 
test and capillary flow porometry test were used to measure the maximum pore size of 
the sample and pore size distribution. The data were recalculated automatically by 
CAPWIN software from the gas flow rates. 
Circular samples were cut from the paper towel, each roughly 3 cm in diameter. 
During experiments, each sample was fixed between two adapter plates on the bottom of 
the test chamber as shown in Figure 44. The O-rings on the adapter plates constrain the 
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flow to the flow up and out of the top of the sample chamber. A spacer was applied 
between the upper adapter plate and the chamber cap to insure the tight fixation of the 
sample. The O-ring on the insert seals the sides of the chamber. Hexadecane (Fisher 
Scientific,         mN/m) was chosen as a wetting liquid due to its low vapor pressure 
and poor chemical interaction (Mantanis, 1995) with cellulose-based samples. 
During the bubble point test, the gas is supplied to the test chamber at a flow rate pre-
set by the user. The sample saturated with a fluid is fixed as that in Figure 44. The rate at 
which the gas enters the sample chamber and the pressure inside of it are monitored. 
When all pores in the sample are filled with a liquid, the pressure in the chamber entrance 
rises slowly. When the gas pressure underneath the sample reaches the capillary pressure 
holding the saturating liquid in the largest pores, these pores open allowing the air to flow 
through them. At this moment, the pressure stops to rise while the air keeps flowing. The 
experiments are conducted at 20 cc/min flow rate. The minimum pressure at which the 
experiment begins is set to 0 PSI and the maximum pressure at which it stops is set to 75 
PSI (~517 MPa). In the experiment, the bubble point pressure was never above 0.1 PSI 
(690 Pa). The bubble point test gave Rp = 170 ± 35 μm (n=3) pore radius, which was later 
confirmed in the wicking experiments.  
Capillary flow porometry test was performed in dry-up/wet-up mode. In this mode 
the flow through the dry sample is measured first, then the sample is saturated and the 
flow is measured again. During the experiment, the gas flow rate through the sample and 
the pressure in the sample chamber is increased constantly and the data are taken at 
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equilibrium points. When the sample is saturated, the gas passes through the sample 
pores as soon as the applied pressure overcomes the capillary pressure in material pores. 
The large pores open first. The gas flow rates through dry and wet samples are compared 
at the same pressures to find percentage of flow passing through the pores of particular 
size and larger sizes relying on the following equations(Jena & Gupta, 2010): 
  (
         
         
 
         
         
)      
eq. 6. 1 
where  is the filter flow percentage,   lower pressure limit,   higher pressure limit, and 
   
    
     
 
eq. 6. 2 
where    is the pore size distribution,   is the filter flow percentage,   maximum pore 





Figure 44.Schematic of the PMI capillary flow porometer. 
These data are used to find a pore size density in the sample. The results of one of the 
experiments are shown in Figure 45. 
 







































Sample chamber entrance 
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6.3.5 Effective pore size and permeability 
The value of the effective pore radius Rp was confirmed in the upward wicking 
experiment, during which the liquid front position was plotted as a function of time. In 
the experiments, the shape of the wetting front was not strictly uniform. Instead of 
averaging the fluctuations of the front profile along the sample width it was decided to 
introduce the effective linear front based on the weight of liquid entered the sample. 
A Petri-dish filled with water was positioned on the scales (Sartorius 210S) connected 
to the computer. A strip of a paper towel was fixed vertically above the water, and 
lowered until it touched the surface. From that moment, the reading of the scales was 
recorded and the difference between the initial and current weights of the Petri dish was 
interpreted as the weight of the liquid absorbed by the sample at the given moment of 
time. Each experiment was conducted during 10 minutes and recorded using the mass 
measuring software (Data Master 2003). The weight change due to water evaporation 
was found to be relatively small at the initial stages of liquid absorption (up to 2 minutes, 
see Figure 46). 
The position of wetting front s
*
 at time twas calculates as       (       )  where m 
is the mass of the liquid that was absorbed by the paper towel at time t. During the 
experiments, the humidity was 22±3% and the temperature was 21±2 
o
C. The insert on 
Figure 46 shows front position s
*
(t) in a vertically hanging sample. The experimental 
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)    (      )      , where /c lA P g   and /lB gk  .The coefficients A and 
B are considered as adjustable parameters that provide the best fit for the experimental 
data. Once determined, the capillary pressure cP  and the permeability k were calculated 
as         and / lk B g   (Miller, 2000). The effective pore radius Rp was then found 
from the defining equation for the capillary pressure as Rp=2γ/ Pc, where γ represents the 
water surface tension. The following values were obtained from three experiments: 





upon the estimated pore radius, the calculated Jurin length for water was found to be 
approximately 9.7 cm. 
 
 
Figure 46.Front position in the wicking experiment as a function of time: data are fitted 
with Lucas-Washburn law (solid line, LW). The circles (line E) correspond to the 
evaporation rate in centimeters of water column, i.e. it is a ratio of the evaporated water 
volume to the area of the sample cross-section. The error bar indicates the maximum 




6.4 Optical Microscopy 
Optical images were obtained using MVX-10 Olympus equipped with Spot Boost 
videocamera (Diagnostic Instruments, Inc., MI) connected to a stationary desktop. The 
software used for image capturing was the standard camera software. 
6.5 Surface tension measurements 
The values of the surface tension of liquids, used in experiments were confirmed with 
Kruss Drop shape analyzer. The pendant drop of the test liquid, which is about to fall was 
squeezed from 0.5 mm diameter needle as show in Figure 47.The automated software 
requires the diameter  of the needle and the density   of the liquid as input data. The 
first is used as a reference in the drop volume calculations during the image analysis. The 
second is needed to calculate the weight of the pendant droplet.  After capturing the 
image of ahanging drop, the software extracts the drop profile and calculates its volume  
 . Then the droplet surface tension is found by fitting the droplet shape using the Kruss 
software (Adamson & Gast, 1997). The results for the liquids used in the experiments are 
show in Table 5. The corresponding densities of the liquids are taken from the literature 
data (Gennes, et al., 2004). 
 
Figure 47.Pendant drop image obtained with the Kruss DSA instrument. 
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Table 5. Surface tension measurements. 
Liquid Density, kg/m
3
 Surface tension, mN/m 
Water 998 72 
Water based sucrose solution, 25% 998 70 
Hexadecane 772 28 
 
6.6 Recommendations for future work 
Preliminary results obtained in tensile experiments with cotton yarns and paper 
towels reveal the importance of the elasto-capillary effect during materials deformations. 
However the low precision of the instruments gives high errors. Hence new experimental 
techniques should be developed to quantify the elasto-capillary effect in fibrous 
materials. 
6.6.1 Compression test 
To reveal the influence of the liquid on elastic properties of fibrous materials it is 
suggested to conduct compression testing of the dry and saturated samples using the 
Kawabata single-filament compression tester (KatoTech, Japan), Figure 48a. The 
Kawabata analysis is based on the Hertz solution modified for anisotropic elastic cylinder 
(Jawad & Ward, 1978; Kawabata, 1990; Phillips, 2011). During the experiment, the 
yarn/filament is stretched on the paper frame as shown in Figure 48b. The frame is 
mounted on the stage. The compression load is applied by moving the probe down. The 
probe tip is tapered to the end with a square flat surface (200 μm x 200 μm).During the 
experimental run the upper level of the applied force is set by the user and the sample 
deformations are tracked during the sample loading. The resulting force/deformation 
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curve is build. The effective compression modulus can be calculated as discussed in the 
literature (Kawabata, 1990; Phillips, 2011). 
 
Figure 48.(a) Kawabata instrument: the probe moves down and compresses the fiber 
placed on the stage.(b) The frame schematic. 
The preliminary experiments showed that the instrument gives reliable data for as low 
force level as 2 gram-force (~20 mN).The experiments conducted on dry samples showed 
that, typically, the elastic compression is reached, when the applied deformation is within 
5% of the sample diameter. The rate of the force/deformation application is set during the 
software programming. The variation in the value of capillary pressure can be reached by 
use of liquids with different surface tensions, as well as by testing materials with wide 
range of pores.  
6.6.2 Bending experiment 
Scherer (Scherer, 2004) showed that bending of a saturated beam creates a pressure 











at the ends and subjected to initial deflection. Hence, the pores on the top of the beam 
were compressed and on the bottom the pores were stretched. This caused the liquid to 
flow from the top to the bottom and the force required to sustain a fixed deflection 
decreases. He used this method to study the materials permeability and viscoelastic 
relaxation of the matrix.  
The absorption-induced deformations can be revealed by modifying the Scherer 
experiment: the nanofiber yarn will be slightly bent and a drop of wetting liquid will be 
placed on the yarn as shown in Figure 49.  
 
Figure 49. Set up to bend yarn. 
It is expected that due to the stress relaxation the yarn will deform to decrease the 
initial deflection. The yarn movement will be tracked with a high-speed camera (Motion 
Pro-X3, Princeton Instruments). The bending modulus of unsaturated and saturated yarns 
will be compared during bending experiments using the Euler method (Landau L. D., 
1970).  
6.6.3 X-Ray analysis 
As it was shown high capillary pressure exerted by the menisci in nanopores, induces 






the deformations will depend on the front position within the material. The most 
frequently using liquids in the wicking experiments, like hexadecane or TBP, are 
transparent. Precise tracking of the front position in tightly packed samples is 
challenging, when the conventional visualization methods are used. Addition of any 
kinds of particles poses a question of chromatographic effect in sample, when the 
particles are simply filtered in the media pores. To solve the problem it is suggested to 
study liquid wicking using X-Ray phase contrast imaging technique (Betz et al., 2007; 
Socha, 2007), which allows high spatial resolution in order of 1 micron. The preliminary 
experiments with fibrous materials showed that the application of the technique makes it 
easy to distinguish between wet and dry parts of the sample, as well as to track the 
sample deformations (Figure 50). 
 
Figure 50.PEO/CA yarn absorbing pure Isovue (Bracco DiagnosticsInc.). Red arrow 




Overall the area of interaction of fibrous materials with liquids is full of interesting 
challenges and questions, both theoretical and experimental, waiting to be solved. 
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